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ABSTRACT
SPATIAL AND TEMPORAL GROUNDWATER RECHARGE PATTERNS IN A
TEMPERATE CLIMATE:
AN INVESTIGATION AT THE BURLEY DEMERITT FARM IN LEE, NH
By
Jennifer Campbell
University ofNew Hampshire, September, 2010
This study examines how recharge values vary spatially and temporally in the
temperate climate of southeastern New Hampshire. A three dimensional groundwater
model (MODFLOW) linked with a one dimensional unsaturated zone model (UZF
package) was used to estimate recharge from July to November 2009 at the Burley
Demeriti farm watershed in Lee, NH. The results show that topography, specifically its
control on the depth of the water table, is the main factor controlling the spatial recharge
patterns, with soil characteristics playing a secondary role; the main factors controlling
the temporal recharge patterns are the intensity and timing of the precipitation. Net
recharge amounts varied drastically spatially from 0% up to almost 60% of precipitation
in different locations across the farm watershed. The watershed-wide net recharge
average was 10% of precipitation, which is slightly lower than 24% net recharge average
for the state of New Hampshire (Flynn and Tasker, 2004).
CHAPTER I
INTRODUCTION
Being able to understand and quantify the spatial and temporal distribution of
recharge is the key to protecting one of our most valuable resources, groundwater (Devlin
and Sophocleous, 2005). Groundwater comprises 98% of the fresh water available on
earth (Schwartz and Zhang, 2003). It is typically of higher quality and requires less
treatment than surface water and thus is increasingly preferentially exploited for public
water supplies (Zhou, 2009). In our society's current state of growth, this precious
groundwater supply is at high risk of depletion and contamination. In order to protect
this resource, groundwater management plans based on local recharge patterns must be
implemented. Understanding how much water recharges an aquifer can help policy
makers decide how much groundwater can safely be pumped without mining the resource
or harming the sustainability of nearby streams, springs, or wetlands. Additionally,
knowing where most of the recharge is occurring is important since the recharging water
has the potential to bring down with it contaminants from the surface.
One of the most stunning examples of groundwater depletion is the Ogallala
aquifer in the High Plains of the United States. Parts of Kansas, Texas, and New Mexico
recorded water table declines of over 100 ft from 1960 to 1990 (Sophocleous, 2000). The
future of the Ogallala aquifer depends on the design and implementation of an effective
groundwater management policy; and successful groundwater management depends on
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the understanding and knowledge of recharge processes and relative recharge rates
(Robins, 1998).
Recharge Defined
Groundwater recharge is defined as the volume of water that infiltrates through
the vadose zone and reaches the water table, thereby "recharging" the aquifer (Figure 1)
(Bent, 1995). Typically, this infiltrating water originates from precipitation, but it can
also originate from irrigation water, seepage of nearby streams, or groundwater flow from
upland basins (Flynn and Tasker, 2004). Recharge occurs when the infiltrating water
causes the soil moisture deficit of the vadose zone to drop to zero. The vadose zone
water then becomes free draining, recharging the aquifer. This recharge mechanism can
be likened to piston flow. As the infiltrating water moves down, any addition of water at
the surface moves the underlying water further downward. If enough water infiltrates
such that the soil moisture deficit drops to zero, recharge occurs (Rushton, 1988).
Often the term recharge is confused with the term infiltration. It must be made
clear that these are two separate processes. Infiltration is defined as the amount of water
that seeps from the ground surface into the vadose zone (Ketchum et al., 2000). This
infiltrated water represents the potential amount of water available for recharge. In most
cases, not all of the infiltrated water actually reaches the water table to become recharge.
The infiltrated water may be hampered by low conductivity zones and become perched,
or the infiltrated water may be subjected to évapotranspiration before it has a chance to























































Factors Influencing Recharge Rates
The amount of water that is recharged depends on a vast array of site-specific
factors including climate, soil characteristics, topography, and vegetation type or land use
(Zagana et al, 2007). Climate determines the amount of precipitation available for
recharge as well as the magnitude of the evaporation forces preventing recharge. It has
also been found that the intensity and timing of the precipitation can have a significant
impact on the amount of recharge that occurs. In a study near Grand Forks in British
Columbia, Canada, Scibek and Allen (2006) discovered that even though the years 1997
and 2000 received comparable amounts of precipitation, their recharge amounts were
markedly different due to the timing of the precipitation. Recharge percentages were
particularly high in the summer (60% to 90% of precipitation) when the intensity of the
rainfall was high. Additionally, recharge percentages were found to be higher during the
non-growing season when transpiration was low and soil moisture was high creating a
more conductive vadose zone (Scibek and Allen, 2006).
Recharge rates are directly related to soil properties (Anuraga et al, 2006). The
soil properties of the vadose zone determine both how much of and how fast the
precipitation infiltrates. For example, clayey soils generally experience lower overall
recharge rates than sandy soils. At a site in Northern Germany, Otto (2001) found that
areas dominated by clay experience higher runoff rates. The low infiltration capacity of
these soils prevents the complete percolation of the rainwater. Additionally, clayey soils
have a high effective field capacity that allows for higher évapotranspiration extraction
rates (Anuraga et al., 2006). Even within one category of soil type, recharge can vary
significantly. In their study on till recharge in Ireland, Fitzsimons and Misstear (2006)
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found that recharge could vary from 4% to 30% among different types of tills. They
concluded that the factors of permeability, thickness, and vertical hydraulic conductivity
were driving the recharge variations among the tills.
Topography can also have a significant influence on recharge rates. In temperate
regions, it is generally accepted that recharge occurs at topographic highs and discharge
occurs at topographic lows. On a local scale, however, this relationship may not always
hold. Studies have shown (e.g. Shilling, 2009) some lowland areas to have recharge
values exceeding their nearby highland counterparts due to a shallower water table that
more efficiently collects the infiltrating water. The infiltrating water has a shorter
distance to travel and thus less opportunity to be redirected to other sources (i.e. plant
uptake, horizontal flow path) (Schilling, 2009). Water table depth, itself, has been shown
to be one of the more influential variables affecting recharge (Petheram et al., 2002).
While a shallower water table may more efficiently collect infiltrating water, this water is
also more susceptible to the forces of évapotranspiration which result in a decrease in
recharge. If the water table is deep below the root zone, the impacts of
évapotranspiration are limited to the soil moisture in the unsaturated zone and thus have a
more limited effect on recharge rates (Smerdon et al., 2008).
Vegetation type strongly affects recharge rates. Each vegetation type has a
different interception capacity, transpiration rate, and shading effect, all of which
influence recharge rates (Dripps et al., 2006). The transpiration rate of vegetation
depends on the vegetation's root water extraction rate which is governed mainly by
rooting depth, root distribution, and wilting point (Anuraga et al., 2006). Grasses have a
shallower rooting depth and higher wilting point than deep rooted trees and thus recharge
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rates are higher beneath grasses (Scanlon et al., 2005). In a study by Bekele et al. (2006)
in the northern Perth Basin of Western Australia, the replacement of deep rooted native
vegetation with shallow rooted pasture and annual crops resulted in a 4 to 22 in/yr rise in
the water table over the course of three years. Recharge under the native vegetation was
less than 12 mm/yr while recharge under the pasture/annual crops was 8 to 20 in/yr
(Bekele et al., 2006).
Because so many factors affect recharge, its spatial and temporal variability can
be high. In order to estimate realistic values of recharge, it is essential to take into
account the variables of climate, soil characteristics, topography, and vegetation type. It
is the interplay of these variables that makes recharge one of the most complex and
uncertain hydrologie values to quantify (Dripps and Bradbury, 2007). Any recharge
study must begin first by identifying those features that most heavily influence recharge
at the site in question. A conceptual model of the probable recharge mechanisms can
then be developed to help guide the course of the investigation (Vries and Simmers,
2002).
Importance of Recharge Values
The necessity of understanding and quantifying recharge for successful
groundwater management has come under heated debate in the past couple decades, with
arguments centered on the "water budget myth." The water budget myth states that
"sustainable pumping rates cannot exceed virgin recharge rates in aquifers and that virgin
recharge rates must therefore be known to estimate sustainable pumping rates" (Devlin
and Sophocleous, 2005). Bredehoeft presented conclusive evidence that this statement is,
in fact, false. He demonstrated that sustainable pumping rates hinge on the amount of
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water that is captured during pumping, not virgin recharge rates (Bredehoeft et al., 1982).
Capture is defined as the resultant increase in recharge and decrease in discharge caused
by pumping. The increase in recharge may come from a variety of sources including
induced flow from surface water, interception of groundwater discharge to streams, or
reduced évapotranspiration losses due to a deepened water table. Bredehoeft showed that
the groundwater system is in balance when the amount of water pumped out equals the
amount of capture. He concluded that only these adjustments in recharge and discharge
must be known to estimate sustainable pumping rates. In this case, virgin recharge rates
are of little consequence (Devlin and Sophocleous, 2005).
Bredehoeft' s exposition of the water budget myth as, in fact, a myth has so far
stood the test of time. However, many hydrologists have disputed the claim that recharge
rates are irrelevant. Recharge rates have been shown to be particularly vital in striving to
achieve sustainability. The term sustainability is often mistakenly interchanged with the
term sustainable pumping. Sustainable pumping is solely concerned with the rate at
which an aquifer can be pumped without groundwater being mined. Groundwater mining
permanently reduces water table elevations and thus reducing the volume of groundwater
that is available for extraction. Sustainability refers to the broader issues of water quality,
ecology, and the associated socioeconomic effects (Devlin and Sophocleous, 2005). The
field of hydrology is slowly transitioning to a focus on sustainability and water's linkages
across the biosphere as opposed to focusing primarily on sustainable pumping (Zhou,
2009).
The sustainability of wetlands, springs, streams, and other groundwater dependent
ecosystems hinge on the understanding of recharge processes. Even if a pumping rate is
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sustainable, it may harm the surrounding ecosystem and thus the sustainable pumping
rate may not meet the broader definition of sustainability. Pumping may induce recharge
from streams, thereby lowering the stream's discharge to levels that negatively affect the
ecological communities that thrive there. Pumping may also cause water tables to lower
to the point that springs and wetlands dry up. The structure of these communities will be
severely, if not permanently, altered. To ensure the integrity of all hydrological
ecosystems, groundwater management policies must actually rely on the principles of
mass balance, some of which Bredehoeft was attempting to sidestep. Pumping rates must
not exceed, and may even need to be significantly less than, virgin recharge rates to be
truly sustainable (Sophocleous, 2000).
Recently, groundwater management policies that assess the impacts of pumping
on the nearby surface water bodies have come to rely more heavily on numerical models
that account for all the inputs and outputs to the aquifer system (Sophocleous, 2000).
Accurate estimations of spatially and temporally varying recharge rates will be essential
inputs to the models to ensure that they are representative of the aquifer systems (Devlin
and Sophocleous, 2005). Current models suffer from a lack of reliable recharge inputs as
the integration of all the factors that affect recharge - climate, soil type, topography,
vegetation - complicate its estimation. A refinement of these inputs will allow for the
creation of numerical models that can dependably be used to assess the long-term
behavior of an aquifer under various management plans. For example, such models can
predict when the transition from storage depletion to induced recharge from surface water
occurs so that management policies can plan accordingly (Sophocleous, 2000).
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As the broader concept of sustainability gains ground, the role of recharge in the
contamination of groundwater sources has become another major concern in many areas
across the globe. Recharge water has the potential to pick up pollutants at the ground
surface and thereby contaminate the underlying aquifer (Otto, 2001). Determining
recharge patterns can help identify those areas of high recharge that are at highest risk for
contaminating the aquifer. If recharge moves rapidly through the overburden material,
dilution, attenuation, and degradation are minimized and the contaminant arrives at high
concentrations within the aquifer (Sophocleous, 2005). Groundwater models that can
estimate the spatial distribution of recharge will be helpful in predicting contaminant
transport and subsequently delineating groundwater source protection zones around
drinking water supply wells (Robins, 1998).
The necessity of estimating recharge for sustainable groundwater management is
evidenced in the drastic increase in recharge studies in the literature since the 1980s. This
need has been re-emphasized by the active support of international agencies and non-
government agencies in investigations of recharge rates and processes (Vries and
Simmers, 2002). The knowledge gained from this new explosion of research will be
essential in developing reliable and accurate models. Wise groundwater management
decisions lie in taking a long term perspective and utilizing numerical models to avoid
persistent drawdowns and ensure good water quality far into the future (Bekele et al.,
2006).
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Recharge and New Hampshire's Water Resources
Across the entire state ofNew Hampshire, groundwater is emerging as an
important resource. New Hampshire is located in the northeastern portion of the United
States and has a temperate to humid climate. Summers are warm and humid while
winters are cold and wet. Precipitation is evenly distributed throughout the year with an
annual average of about 42 inches (Horn et al., 2008). In this fairly wet climate, one
would assume that groundwater resources are not in any grave danger of overuse.
However, a rapidly growing population along with burgeoning industry, including
everything from food to chemical processing, has caused water demand to skyrocket in
New Hampshire (Flynn and Tasker, 2004). Without proper groundwater management
practices in place, this resource is at risk of depletion and contamination in the near
future.
New Hampshire's population is currently growing at a rate faster than any other
state in the northeastern United States. The state's population grew by 141,000 people
between 1990 and 2000, an increase of 1 1.4%. It is expected that the population will
grow by another 215,000 people by 2025 (NHSDC, 2001). The majority of this
population increase has been seen along the seacoast and south-central portion of the
state (Figure 2). The Seacoast region alone had a 37% population increase from 1980 to
2000. Of the 44 towns in the Seacoast region, 41 towns experienced a population
increase greater than 10% over this span of 20 years. The town of Danville topped the
list with an astonishing 205% population increase. It is projected that the population of
the Seacoast Region will increase by 25% from 275,000 to 345,000 people by 2020. The
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Figure 2. Population increase and projected increase in New Hampshire.
(Adapted from "New Hampshire's Changing Landscape," 2005)
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Seacoast region's rapid population growth is driven in part by the region's close
proximity to the city of Boston (Horn et al., 2008).
The rapid population growth of the Seacoast region has also been accompanied by
a significant growth in industrial and commercial sectors. The growth of both sectors in
addition to the population increase led to an estimated 50% increase in the use of
groundwater and surface water resources in the Seacoast region from 1980 to 2000 (Horn
et al., 2008). Development of large groundwater supplies to meet these demands has
already raised concern among policy makers about the sustainability of the water supply
and the impact of increased withdrawals on environmentally sensitive areas (Flynn and
Tasker, 2004). This concern led to an in-depth study by the New Hampshire division of
the United States Geological Society (USGS) in which methods were developed to
account for the current (2003) water usage in the Seacoast area and then used to make
future water use projections there (Horn et al., 2008).
The USGS study estimated water demand for both domestic and non-domestic
users. Seacoast region water use for 2003 was estimated at 26.3 million gallons per day
with the majority, 72%, being allocated to domestic users. Of the remaining water
demand, 14% was used by commercial facilities, 1 1% by industry, 1% by irrigation, and
1% by combined thermoelectric, mining, and aquaculture. Future water demand in these
sectors was predicted by combining their demand coefficients with growth projections
based on a transportation model, Seacoast Regional Travel Demand Model (SRTDM).
The model determined housing and employee projections using information on historic
growth trends, existing land use patterns, and presence of major roadways. The results
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showed that by 2025, domestic water demand is projected to increase by 54% and non-
domestic demand by 64% (Horn et al., 2008).
The USGS water use projections clearly show that the Seacoast Region's
dependence on groundwater supplies is expected to increase significantly over the next
20 years. It is essential that proper groundwater management plans be put in place now
so that future generations are not left with depleted and/or contaminated groundwater
resources. It is also recognized that too much groundwater pumping will have adverse
effects on surface water ecosystems. In managing their groundwater resources, New
Hampshire officials will have to be aware not only of the quantity of withdrawals, but
also of the nature and extent of the recharge zones around the drinking water wells. As
previously stated, these officials must have sufficient knowledge of recharge - its
processes, quantities, and spatial and temporal distribution - in order to make responsible
and informed water management decisions (Flynn and Tasker, 2004).
Review of Recharge Studies in New England
Knowledge of the spatial and temporal distribution of recharge in New Hampshire
is quite limited at the moment. In fact, recharge estimates are quite sparse for temperate
climate regions in general. Most recharge studies have been conducted in arid regions
due to the imminent threat of groundwater depletion resulting from limited recharge and
over withdrawals (Vries and Simmers, 2002). However, with population growth, as seen
in New Hampshire, knowledge of recharge rates and processes in temperate areas is
becoming increasingly important for successful groundwater management.
Within the past 20 years, the USGS has conducted a handful of recharge focused
studies in the New England area including two in Massachusetts, one at Buzzard's Bay
13
(Bent, 1995) and one at Nantucket (Knott and Olimpio, 1986), and one covering the
entire state ofNew Hampshire (Flynn and Tasker, 2004). Buzzard's Bay, located in
southeastern Massachusetts, is comprised largely of sparsely settled woodlands,
agricultural land, and wetlands with urban and suburban areas centered around New
Bedford and Fall River. Surficial deposits, consisting primarily of till and stratified drift
deposits, overlie grantic and metamorphic bedrock in most locations. Bent (1995)
computed groundwater recharge rates for this area using continuous records of mean
daily discharge from 6 streamfiow gaging stages spanning the water years 1967 to 1991.
Specifically, he used the recession-curve-displacement technique to estimate recharge
from the streamfiow hydrographs over the period of record. In this technique the
baseflow portion (i.e. the groundwater flow) of the hydrograph is separated from the
storm peaks. The volume of water contained in the baseflow is then computed to
estimate groundwater recharge. Recharge in the drainages primarily underlain by till and
bedrock was estimated at 19.7 to 22.6 in/yr. Recharge in the drainages underlain by
stratified drift was a bit higher at 23.8 to 25.2 in/yr. The recharge estimates in the
stratified drift correspond well with previous studies in the area. Barlow and Hess (1993)
estimated the recharge rate for Buzzard's Bay at 22.9 in/yr using climatological data from
the East Wareham Station. Hansen and Lapham (1992) estimated recharge in Plymouth,
Massachusetts, adjacent to Buzzard's Bay and underlain entirely by stratified drift, at
26.9 in/yr. Bent's recharge estimates for the till and bedrock areas are significantly
higher than those previously seen in the literature. Morrissey (1983) estimated recharge
in bedrock and till deposits at only 6.8 in/yr using a similar stream hydrograph analysis
technique. The differences in these estimates may stem from different compositions of
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till as well as different percentages of till, bedrock, and stratified drift in the drainage
areas studied. The stream hydrograph technique estimates one annual recharge value for
the entire drainage and the composition of the surficial material is likely to vary greatly
from drainage to drainage (Bent, 1995).
Recharge was estimated in the Nantucket, Massachusetts USGS study using the
tritium tracer method (Knott and Olimpio, 1986). Nantucket is an island located 25 miles
south of Cape Cod. The northern part of the island is dominated by a glacial end moraine
and the southern part by sand and gravel outwash. The study site was located in the sand
and gravel which is characterized by high hydraulic conductivity (exceeding 300 ft/day)
and consequently has a high potential for recharge. Runoff only accounts for 2% of the
water balance on the entire island. In the tritium tracer method, the average annual rate
of recharge for a given period of time is computed by determining the depth to the peak
tritium concentration in the aquifer. Tritium is a naturally occurring isotope that enters
the hydrologie cycle through precipitation as part of the water molecule. Above ground
thermonuclear bomb testing between 1952 and 1963 caused increased levels of tritium in
precipitation with the peak in tritium levels occurring in 1963. The depth to this peak is
determined through vertical water sampling. This depth to the peak is then divided by the
travel time (years since 1963) to obtain an annual recharge rate value. There are a few
assumptions implicit in this technique - the groundwater flows vertically downwards and
the aquifer properties are homogenous. A violation of either of these assumptions can
lead to errors in the recharge estimate. The main study site estimated average annual
recharge at about 26.1 in/yr (68% of average precipitation) with an uncertainty of± 15%.
This recharge estimate is a bit higher than that of previous studies. Recharge in sand and
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gravel aquifers on Cape Cod was estimated at about 17 to 21 in/yr using the Thornthwaite
method in which estimated évapotranspiration is subtracted from precipitation to
calculate recharge (Strahler, 1972; LeBlanc, 1984). The USGS tritium study estimates
may be a bit inflated as the assumption of vertical downward flow may have been
violated during the spring and during severe storm events when local groundwater
discharge likely occurred (Knott and Olimpio, 1986).
The third USGS study (Flynn and Tasker, 2004) estimated average annual and
seasonal recharge over the entire state ofNew Hampshire using regression equations
developed by analyzing streamflow, basin characteristics, and precipitation at 55 stream
gaging stations throughout New Hampshire and in the adjoining states. First, as in the
Buzzard's Bay study, the recession curve displacement technique was used to estimate
recharge from the streamflow records at each of the 55 stations over the time period from
1961 to 1990. Next, regression equations were developed relating the annual and
seasonal recharge in each basin to the corresponding annual and seasonal precipitation
values in these basins. Finally, 10 out of a possible 93 basin and climatic characteristics
were selected using ordinary least squares regression to help fine-tune the regression
equations. The resulting regression equations computed normalized average recharge for
New Hampshire at 21 in/yr with about 47% of the precipitation being recharged.
Seasonally, about 43% of the recharge occurs in the spring (March 16-May 31), 21% in
the winter (January 1 -March 15), 19% in the summer (June 1 -October 31), and the
remaining 17% in the fall (November 1 -December 31). The proportion of recharge to
precipitation also varies among the seasons with 97% of the precipitation becoming
recharge in the spring, 55% in the winter, 43% in the fall, and 20% in the summer. These
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estimates correspond well with the commonly held notion that the majority of recharge in
New Hampshire occurs in the spring when heavy rainfall combined with melting snow
results in more water available for recharge. Additionally, potential recharge water is
subjected to minimal évapotranspiration forces as the growing season is just beginning
(Flynn and Tasker, 2004).
All three USGS studies in the New England area returned similar annual recharge
values around 20 in/yr. Recharge was slightly below 20 in/yr in the less permeable till
and bedrock deposits and slightly above 20 in/yr in the more conductive stratified drift,
and gravel and sand deposits. It is important to note that these recharge values represent
the net recharge, the recharge that reaches the water table and is not later extracted by
évapotranspiration. This net recharge ultimately leaves the watershed through stream
discharge. These studies do provide useful and seemingly accurate regional estimates of
net annual recharge, however, the patterns of recharge distribution within watersheds
cannot be derived from these investigations. One recharge value is assumed across
varied topography, geology, and land cover. With this limited information, the
sustainability of the groundwater resources in the area on a scale smaller than the
watershed cannot be fully investigated. Areas of high recharge particularly vulnerable to
contamination cannot be delineated. Protection zones around drinking water sources
cannot be clearly defined. In order for officials in New England to make wise local
groundwater management decisions that avoid persistent draw-downs and insure the
quality of the water, temporally and spatially varying recharge values are essential. Other
than at the temporal scale of seasons and the spatial resolution of watersheds, no
investigations in the New England area have thus far examined how recharge varies
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temporally and spatially. This investigation takes a step towards defining these
relationships in the glacially sculpted terrain of southeastern New Hampshire with
emphasis on how soil characteristics, topography, and vegetation effect recharge during
the summer/fall.
Review of Recharge Measurement Techniques
Recharge can be measured in a wide variety of ways. Unfortunately though, there
is no universally applicable technique for estimating recharge (Anuraga et al., 2006). Site
conditions as well as project goals and resources often dictate which techniques are most
applicable. Recharge values can be estimated directly or indirectly. Common methods
of measuring recharge directly include the use of lysimeters, chemical tracers, and water
table measurements. Indirect methods of measuring recharge vary from baseflow
separation technique to water balance models to numerical computer modeling (Smerdon
et al., 2008). Each technique has its own set of benefits and downfalls.
Direct measurements of recharge using a lysimeter provide fairly accurate point
measurements of recharge. A lysimeter is a specially constructed container filled with
soil and vegetation that is hydrologically isolated from the surrounding soil. Drainage
water, representative of the recharge rate, is collected at the base of the lysimeter (Otto,
2001). Unfortunately, lysimeters are difficult to construct, expensive, and require high
maintenance which often prohibits their use in recharge studies (Scanlon et al., 2002).
A wide variety of chemical tracers have been utilized in attempts to measure point
recharge directly. The tritium tracer method, described previously in the Nantucket
study, relies on determining the depth to the maximum tritium peak (1963) in the water
column. Unfortunately, this peak is being pushed deeper each year and it may soon
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become prohibitively deep to be useful in recharge studies. Additionally, the half life of
tritium is only 12 yrs and thus the maximum peak is likely to decay below detection
limits in the immediately near future (Knott and Olimpio, 1986). Chemical or isotopie
tracers such as bromide, 3H, and organic dyes are also commonly used in recharge studies
(Athavale and Rangarajan, 1988; Kung, 1990; Flury et al., 1994; Forrer et al., 1999).
These tracers are applied at the soil surface and transported to depth by recharging water.
At a later specified time interval, test holes are drilled for sampling and recharge rates are
determined based on the tracer depth, time interval since application, and soil volumetric
water content, similar to that of the tritium tracer method. Unfortunately, all three of
these tracers have associated issues. Bromide uptake by plants and sorption of organic
dyes by soil particles have both been found to be significant. 3H is the most conservative
of the group; however, its use is often prohibited due to environmental protection laws
(Scanlon et al., 2002). Tracers such as chlorofiuorocarbons (CFCs) and 14C can be used
to estimate recharge by determining the age of groundwater. Similar to the other tracer
studies, the age of the groundwater combined with its depth and moisture content
characteristics are used to establish recharge rates. CFCs can determine groundwater
ages dating back up to 50 years with a precision of 2 to 3 years. For older groundwater
ages, 200 to 200,000 years ago, the radioactive decay of 14C can be used (Scanlon et al,
2002). AU of the above described tracer techniques provide good point estimates of
recharge assuming that the subsurface material is homogenous and groundwater flow is
truly vertical. The assumption of vertical groundwater flow is rarely met except at
groundwater divides and thus the choice of study site is critical.
19
Another semi-direct measurement of recharge involves using continuous records
of water table fluctuations in monitoring wells. Recharge (R) is calculated based on the
rise in the water table (h) over a specific time interval (t) multiplied by the specific yield
(Sy) of the aquifer material (Equation 1) (Scanlon et al., 2005).
R = Sy*^ (D
This method is most appropriate for areas with shallow water tables that exhibit a rapid
rise and fall in water table elevations (Scanlon et al., 2002). Recharge measurements
using this technique are most often hampered by difficulties in determining a site's Sy
value. The accuracy of the recharge values depends on the accuracy of the Sy value and
unfortunately there is no easy way of directly determining Sy values. Sy values must be
estimated based on soil properties such as porosity, specific retention, and particle size
(Bekele et al., 2006). The water table fluctuation technique estimates one locally
averaged recharge value. For a large site, the water table fluctuations may vary spatially
and an extensive network of monitoring wells would be necessary to capture this spatial
variation in recharge.
Recharge can be measured indirectly using the baseflow separation technique,
previously described in the Buzzard's Bay study. Unfortunately, inherent in this
technique are a few assumptions that are often violated at gaged basins (Flynn and
Tasker, 2004). The method assumes that the surface water and groundwater divides are
coincident and that recharge is equal to groundwater discharge (Lee et al., 2008).
Violations of these assumptions lead to inherent errors in the recharge estimates. One
study in the Ching-Shui watershed in Taiwan did find that the base-flow separation
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technique produced similar recharge values to that of more involved methods requiring
expensive and difficult to obtain soil data (Lee et al., 2008). However, even if the
recharge estimates are fairly accurate, they cannot be resolved to areas smaller than the
gaged basin as this technique provides one areally averaged recharge estimate for each
gaged basin (Cherkauer and Ansari, 2005).
The water balance or water budget approach is commonly used in humid areas to
estimate recharge rates indirectly. This approach relies on the residual technique to
determine recharge values. All the other major aspects of the water balance equation -
precipitation (P), évapotranspiration (ET), and stream discharge (Q) - are accounted for
and the remaining volume of water is assumed to be equal to the net recharge (R)
(Equation 2).
R = P-ET-Q (2)
The reliability of the recharge values depends on the accuracy with which the other
components of the water balance are measured (Scanlon et al., 2002). Precipitation and
stream discharge can be measured quite accurately via gages. Evapotranspiration,
however, can only be estimated using one of a handful of standard climatic driven
formulas. Small inaccuracies in the évapotranspiration estimates can lead to large
uncertainties in the recharge rate. As a result, this method is best suited to humid areas
where recharge is a significant portion of the water budget. It should be applied on a
daily or smaller time step so that the impact of individual precipitation events can be
accurately accounted for (Scanlon et al., 2002). Additional error in this approach may
occur if water is leaving the site through groundwater discharge which cannot be
accounted for.
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Numerical modeling is the newest and most technically advanced approach to
indirect recharge estimation. A vast array of models has been developed. The three main
categories of models include rainfall/runoff, groundwater, and unsaturated zone flow
models. Even within these categories, the model setups can vary widely. Rainfall/runoff
models estimate recharge as a residual term to the water budget equation. The advantage
of the rainfall/runoff model over the basic water budget method is that the model can
capture the spatial variability in the subsurface material (Scanlon et al., 2002).
Groundwater models estimate recharge rates using inverse calibration based on hydraulic
head measurements and hydraulic conductivity values. The one problem that arises in
these models is the often high correlation of recharge and hydraulic conductivity (Poeter
and Hill, 1997). As a result, the inverse model calibration is limited to estimating the
ratio of recharge to hydraulic conductivity. As long as this ratio remains constant, the
simulated hydraulic head measurements will compare well with the observed
measurements. Unfortunately, hydraulic conductivity values are difficult to estimate and
may vary by orders of magnitude, leading to large inaccuracies in the recharge estimates.
This correlation between recharge and hydraulic conductivity can be removed by
including stream flow rates in the calibration (Scanlon et al., 2002). Unsaturated zone
flow models estimate recharge by accounting for the movement of water in the
unsaturated zone in response to climatic forcing. There are a variety of numerical codes
that can be used to model unsaturated zone flow, the most common being the bucket
model (soil-water storage routing) and Richards equation. The bucket model is a simple
approach in which recharge is based on the soil's capacity for water. When this capacity
is exceeded, water becomes free draining and recharge occurs (Emerman, 1995). The
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Richards equation is a non-linear partial differential equation based off of Darcy's Law.
The accuracy of the modeled recharge using Richards equation depends on the accuracy
of the input model parameters, particularly vertical hydraulic conductivity. The nonlinear
relationship between vertical hydraulic conductivity and water content in the unsaturated
zone leads to further uncertainties in recharge estimates. One of the advantages of the
unsaturated zone flow model is that the different surface water interactions, including
applied infiltration, actual recharge, and groundwater discharge to the surface, can be
tracked through time on a cell-by-cell basis (Scanlon et al, 2002).
With this vast array of possible recharge measurement techniques, choosing
which technique to use can be quite challenging. When choosing a technique it is
important to consider the goals of the study, as well as the time and expense constraints
of the study. The goals of the study will help dictate whether point estimates, lumped
areal estimates, or spatially distributed estimates of recharge are required. For example,
an investigation to delineate areas of aquifer vulnerability to contamination would require
spatially distributed estimates of recharge. The goals of the study will also help
determine the temporal scale of recharge estimates required, whether it be annual,
seasonal, monthly, or even daily. For example, some communities only rely on
groundwater resources during the summer when stream flow is limited, and thus seasonal
estimates of recharge are necessary to accurately assess the impacts of the pumping
during this time. The characteristics of the study site itself will partially dictate what
techniques are best suited for the study. The tritium tracer method used in the Nantucket
study would not be applicable at sites where the subsurface material is heterogeneous or
where there is a significant amount of groundwater discharge to the surface. It may be
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informative to use uncertainty analyses to evaluate the range of possible recharge values
calculated using a given technique. Accurate measurement of recharge values is an
iterative process. It involves that constant rethinking of the possible recharge
mechanisms in play and the subsequent refinement of the recharge values as more data is
collected (Scanlon et al., 2002).
Objectives
This investigation examines how groundwater recharge values vary spatially and
temporally in the temperate climate of southeastern New Hampshire. The study focuses
specifically on summer/fall recharge (July-November 2009) at the Burley Demeritt
Organic Dairy Research Farm in Lee, New Hampshire. The primary objective of the
research is to use a combined groundwater and unsaturated zone flow model, calibrated
with field data, to map recharge patterns at the Burley Demeritt Farm. I hypothesized
that the spatial variation of recharge at the farm will be determined by the spatial
variability in soil type, topography, and vegetation. I hypothesized that the temporal
variation of recharge will be determined by the timing and intensity of precipitation. The
model results will help identify which, if any, of these factors plays a dominant role in the
recharge rates as well as how the interplay of these factors affects the recharge patterns.
Recharge patterns at the Burley Demeritt Farm will have implications both locally
at the farm itself, and across New England. At the farm itself, the study results will be
used to guide future management practices in an effort to protect the underlying aquifer,
which is currently used for farm activities and eventually discharges to the Lamprey
River. Of upmost concern is the contamination of the aquifer by the leaching ofnitrates
from cow and swine manure. Nitrates are of particular concern because of their harmful
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effects at concentrations above 10 mg/L. At these levels, nitrates have been implicated in
cases of diarrhea, respiratory disease, and infant methemoglobinemia (blue baby
syndrome) (Bradford et al., 2008). Nitrates can also negatively impact aquatic ecological
communities. The water from the farm ultimately empties into the Lamprey River where
it is carried to the Great Bay Estuary. Currently, the Great Bay Estuary is already
receiving nitrogen at concentrations sufficient to cause eutrophication (PREP, 2009).
Eutrophication lowers dissolved oxygen levels and may, in turn, decrease biodiversity
leading to ecosystem instability. Oyster populations in the bay suffered an astonishing
95% decline in population in the 1990s (NHCPP, 2010). To minimize the farm's impact
on its own aquifer as well as on the river and the bay, areas of high recharge on the farm
where the dilution, attenuation, and degradation of nitrates are minimized must be
delineated. In these areas it will be recommended that manure application be avoided.
This will help in guiding responsible future manure management practices at the farm.
Across New England, as described in the "Review of Recharge Studies in New
England" section, there have been relatively few studies focused on recharge. Of the
studies that have been completed in the past few decades, only areally averaged annual
and seasonal recharge rates have been estimated. This investigation is the first step
towards truly evaluating the spatial and temporal variations in recharge in New England.
This study provides a first look at how recharge can vary within a relatively small area
due to the interplay of factors including meteorological forcings, soil characteristics,
topography, and vegetation. The results will provide an improved framework for





The Burley Demeriti Organic Dairy Research Farm is located in the small rural
town of Lee, New Hampshire (Figure 3). Lee, populated by just 4,461 residents, is
located in the southeastern portion ofNew Hampshire, often referred to as the Seacoast
Region (NHSDC, 2001). The study area of this investigation actually encompasses the
farm and a small portion of a neighboring pasture. The limits of the investigation area
were delineated based on the watershed of the main stream discharging the farm (Figure
3). The farm watershed is in the Lamprey River Valley which is characterized by gently
rolling topography of low relief (Birch, 1989). Within the farm watershed itself there is
just under 100 ft of relief (NCALM, 2009).
Geologic Setting
The geology of the study area was sculpted 15,000 years ago when the glacial ice
sheet covering the area began to retreat. The stratigraphy of the glacial and glacial-
marine deposits in southeast New Hampshire, near the Late Wisconsin marine limit, were
thoroughly investigated through the use of seismic refraction measurements and
resistivity soundings in the late 1980s (Birch, 1989). The entire area is underlain by low
grade metasedimentary rock of the Eliot Formation. As the glacier retreated from the
area, it left behind deposits of till, an unsorted mix of clay, silt, sand, gravel, cobbles, and
boulders (Bent, 1995). Till is the oldest sediment in southeast New Hampshire and is
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Figure 3. The Burley Demeritt farm watershed (outlined in red) is located in the
Lamprey River Valley in Lee, NH. On this USGS topographic map white
indicates pasture areas and green indicates forested land.
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glacier retreated, depositing several to tens of feet of coarse sand and gravel over the
bedrock and till in some locations. As the glacier retreated further, sea levels rose
significantly, with the marine limit only a few miles north of Lee, NH. The marine
waters, 60 to 120 ft deep, were relatively quiet as the hills to the east and drumlins to the
southeast provided protection from storm wave action and currents. In this quiet marine
environment, a thick deposit of clay and silt accumulated atop the till. As the sea shoaled
to about 50 to 90 ft deep, the ancestral Lamprey River formed a series of outwash deltas
that deposited the final layer of fine to medium sands across the area (Birch, 1989). All
four glacially influenced sedimentary deposits - till, sand and gravel, clay, and fine to
medium sand - are present in the farm watershed. Field work was necessary to delineate
the extent of these deposits and the results are described in detail in the "Site
Characterization" section of Chapter IV.
The retreat of the glacier also sculpted the topography ofNew England. At the
ice contact, during pauses in the retreat, low ridges called moraines were built. The
moraines are typically composed of stratified sand and gravel with interfingered layers of
till (Bent, 1995). At the farm, the glaciers left two small ribbed moraines comprised of
till running down the length of the back pasture creating a local hill and valley
topography.
Climate
The Seacoast Region ofNew Hampshire is characterized by a humid-temperate
climate. Precipitation is fairly evenly distributed throughout the year and averages about
42 inches annually (Horn et al., 2008). Precipitation does peak slightly in the spring and
fall, with summer months typically being the driest. Snowfall is usually greatest in
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January averaging just under 18 inches of accumulation. The lowest mean monthly
temperature in the region is about 220F and also occurs in January. The highest mean
monthly temperature is about 700F and occurs in July (NCDC, 2010). Over the course of
this study, which extended from July 2009 through November 2009, the minimum
average daily temperature was 34°F and the maximum average daily temperature was
780F. Precipitation over the study period averaged 0.16 in/day, which is 30% above the
typical summer/fall average of 0.12 in/day. The maximum daily precipitation was 2.4 in
with four additional days having received over an inch of rain (NCDC, 2010).
Farm Activities
The Burley-Demeritt farm operation has been continuously growing since the
University ofNew Hampshire began its Organic Dairy Research initiative in 2004. The
farm currently hosts 78 Jersey cows, 44 of which are actively being milked. With the
exception of the winter, the cows graze out in the pasture, rotating to a fresh paddock
every 12 hours to help maintain even harvesting of the pasture grasses. Over the winter
months, the cows remain in the barnyard. During this time, the accumulated manure is
removed from the barnyard twice a week for on-site composting. In the spring and
summer months, the composted manure is spread over the pasture. The spread manure
must be managed properly to avoid irreversible contamination of the underlying aquifer.
As previously mentioned, the high organic nitrogen in the manure which is mineralized
into nitrates has the potential of leaching into the groundwater via the recharging water.
The onsite aquifer is the sole source of water for the farm operation and thus its




The main objective of this study is to assess the spatial and temporal variation in
recharge within the Burley Demeriti farm watershed using a 3 -dimensional groundwater
flow model (MODFLOW) linked with a 1 -dimensional unsaturated zone flow model
(UZF). A conceptual model of the site was first developed to help determine data needs
and guide the creation of the site's numerical computer model (Figure 4). In the
conceptual model, we assume that the groundwater divide at the farm coincides with the
surface water divide (watershed). The only inflow of water to the watershed is
precipitation. The only outflows of water are évapotranspiration and stream discharge.
The precipitation either runs off soon after an event or infiltrates the unsaturated (vadose)
zone where it is temporarily stored. This vadose zone water then evaporates/transpires or
infiltrates down to the water table and recharges the aquifer. The infiltration rate is
determined by the surficial geologic characteristics (and to a more limited extent by
biotic factors such as worms and macropores). The water table responds to these
recharge events with changes in hydraulic head. The recharged groundwater moves
across the site until it reaches the main stream, one of its tributaries, or the ground surface
where it is discharged, becoming baseflow. From this conceptual model it is clear that in
order to assess recharge at the site, data needs include meteorological data
(précipitation/climatologie factors determining évapotranspiration rates), topographic




















































stream discharge measurements are also necessary for the model calibration ensuring that
the model accurately reflects site conditions. The assimilation of this data is described in
the ensuing paragraphs, followed by a detailed description of the model used in this
study.
Meteorological Data
Hourly precipitation data and other meteorological data needed to calculate
potential évapotranspiration (ET) rates were obtained from the National Oceanic and
Atmospheric Administration (NOAA) NH Durham 2 SSW site (NCDC, 2010). This site
is located in Durham, NH at the University ofNew Hampshire's Thompson Farm and is
just over 3 miles from the farm. Daily ET rates were estimated using the Penman-
Monteith equation (Allen at al, 1998). This method is widely used where detailed
climatological data is available and is currently recommended by the United Nations
Food and Agriculture Organization (FAO) and by the World Meteorological
Organization (WMO) (Ventura et al., 1999). The Penman-Monteith equation requires
atmospheric pressure, temperature, wind speed, relative humidity, and solar radiation
data. The equation is based on a combination of the energy balance and mass transfer
balance methods with the addition of two resistance factors - surface and aerodynamic
resistance. Surface resistance refers to the resistance of water vapor flow through
vegetation and soil surfaces. Aerodynamic resistance describes the resistance of water
vapor flow upward due to the forces of the circulating air. The daily form of the Penman-





Where: Rn = net radiation at the crop surface [MJ m" day" ]
G = soil heat flux density [MJ m"2 day"1]
T = mean daily air temperature at 2 m height [0C]
U2 = wind speed at 2 m height [m s" ]
es = saturation vapor pressure [kPa]
ea = actual vapor pressure [kPa]
? = slope vapor pressure curve [kPa 0C" ]
? = psychrometric constant [kPa 0C" ]
The ET values calculated from this equation represent ET from green grass of
uniform height that is actively growing and adequately watered (Allen et al., 2010). Crop
coefficients (K0) were required to account for the differences between this reference crop
and the three main vegetative coverages at the farm - pasture, forest, and wetland. The
areal extent of these vegetation types was delineated in ArcMap using the LIDAR data
(discussed below) as a guide with additional field checks. Field surveys were necessary
to delineate the wetlands bordering the forested area. An additional ET zone was added
for the pond in the farm watershed. The ET zones were generated as a polygon shapefile
importable to the modeling platform.
Topographic Data
Our working hypothesis assumes that the groundwater divide at the farm
coincides with the surface water divide (watershed). The farm watershed was delineated
using ArcMap and a 3.3 ft (1 m) resolution light detection and ranging (LIDAR) derived
digitial elevation model (DEM) covering the site (NCALM, 2009). First, the DEM was
filled in ArcMap to eliminate any sinks that would cause errors when calculating flow
directions. Next, the ArcMap hydrology tool box functions were used to first calculate
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flow directions and then flow accumulations in all cells which provide a map of stream
drainages at the farm. A point shapefile was created for the location on the main stream
where a v-notch weir was constructed for this study. This point was designated as the
watershed outlet point. The "snap pour point" function in ArcMap was used to ensure
that the outlet point was actually snapped to a high flow accumulation cell on the main
stream. The ArcMap "watershed" function was then used to delineate the drainage
watershed from this point based on the mapped stream networks. The delineated
watershed was saved as a polygon shapefile importable to the modeling platform. The
higher order streams, corresponding to field observations of actual drainages with at least
ephemeral flow, were also digitized. The digitized streams were converted to a binary
raster file and then multiplied by the LIDAR DEM elevations. The resulting raster file
was then used to create an ASCII file, containing the XYZ information, which could be
imported into the modeling platform. The drain elevations were set 1 foot below the
actual ground surface elevations.
Geologic Data
Additional field work was conducted to determine the areal extent of the surficial
deposits. A preliminary soil map of the farm was completed by the National Resources
Conservation Service. However, this map does not capture the till deposits and the extent
of the mapped clay deposit is questionable. The USGS also completed a surficial
geological map of the area (Delcore and Koteff, 1989). Unfortunately, the scale of this
map is too coarse for this investigation, and additionally several inconsistencies were
identified on the map. These maps were used as guides in the subsurface investigation.
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With the use of a hand auger, the first 2 to 3 ft of surficial material were sampled
for identification at about 250 locations across the farm watershed (Figure 5). Field
efforts were focused on areas of suspected transition between subsurface types and on
areas where the two reference maps disagreed. All auger locations were located with a
GPS, imported into ArcMap, and superimposed on the LIDAR DEM of the watershed.
Each GPS location was assigned one of 5 possible classifications - clay, till, fine sand,
sand and silt, and fine to medium sand - based on visual inspection of the material
(Figure 5). These GPS auger locations helped guide the delineation of a new surficial
geologic map for the watershed within ArcMap that included these 5 types of materials.
The map was generated as a shapefile importable to the modeling platform.
To investigate the deeper geologic material across the site, boring logs for the 6
existing site wells were assimilated and 5 new wells were also installed. The 6 existing
site wells were installed in 2005 and are constructed of 2 inch PVC (Figure 6). The
northern most well, BD-4, was drilled 28 ft down into the bedrock where it was screened
across the water table. BD-5 is located in the wetland and was drilled 12 ft below the
ground surface. The remaining four existing wells, BD-7 through BD-IO, were drilled on
a west to east transect on the western side of the watershed. BD-7, BD-9, and BD-IO all
extend about 6 to 8 ft into the subsurface sand and were screened across the water table.
BD-8 extends about 12 ft below the ground surface and was screened beneath what
appears to be a 4 ft semi-confining clay layer. See Appendix A for complete boring logs.
In June of 2009, 5 additional wells were installed at the farm to provide better
spatial coverage as well as better coverage within the different surficial materials (Figure
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Figure 6. Hill-shade LIDAR DEM with well locations within the Burley-
Demeritt Farm watershed(red outline) marked with green circles. One circle is
used to represent both BD-8 and BD-9 which are located within 1 ft of each
other. The watershed outlet point (and location of the site weir) is marked with
a blue circle.
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moraines running down the back field. Both wells were screened across the water table.
BD- 12 and BD- 13 were installed in the low-lying clay region of the main pasture. BD- 12
and BD- 13 extend through 15 and 8 ft of clay respectively and were both screened in the
underlying 2 ft of basal sand. BD-1 1 was installed just to the west of the previously
installed BD-7. BD-1 1 extends 14 ft deep and was screened across the water table. See
Appendix A for complete boring logs.
All well locations were located with a GPS unit. The GPS locations were
imported into ArcMap and overlaid on the LIDAR DEM (Figure 6). These locations
were saved as a point shapefile importable to the modeling platform for calibration
purposes.
In August of 2009, slug tests were performed at each of the wells installed at the
farm, with the exception of BD-9 and BD-IO, to estimate local hydraulic conductivity
values. A 2 ft solid piece of PVC pipe attached to a nylon lead was used for the tests. In
BD-9 and BD-IO the water column was less than 2 ft deep, preventing slug testing. The
classical Hvorslev approach was used to analyze these slug tests. For the five wells
screened within the upper unconfined aquifer (BD-4, BD-7, BD-1 1, BD- 14, and BD- 15)
Hvorslev Case C was solved (Schwartz and Zhang, 2003):
* = ^O1"F (4)
Where: K = hydraulic conductivity
R = casing radius
T = time
L = screen length
H= hydraulic head
For the four wells screened beneath the confining clay layer (BD-5, BD-8, BD- 12, and
BD-1 3) Hvorselv Case F was solved (Schwartz and Zhang, 2003):
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Where: R</R is assumed to be equal to 200
Hydraulic Head Measurements
Beginning on July 10, 2009 and extending through November 2009, hydraulic
head measurements were made at 8 select wells (all wells excluding BD-7, BD-8, and
BD-1 5) using Solinst Model 3001 Junior Levelloggers. The levelloggers were suspended
within the wells with nylon leads and set to record hourly head measurements accurate to
within 0.03 ft. The data from the levelloggers was downloaded monthly and corrected
for barometric pressure changes. To correlate the levellogger measurements with actual
water table elevations at the wells, depth-to-water-table measurements were taken
manually with a measuring tape and attached plunker. Ground surface elevations were
determined from the LIDAR DEM which is accurate to within ± 10 cm. A linear
relationship was then established for each well between the levellogger measurements
and manual measurements. This relationship was used to convert all the levellogger data
to actual water table elevation data.
Discharge Measurements
In late July 2009, a v-notch weir was constructed on the main stream running
across the farm. The weir location was selected such that the watershed delineated from
that point (the watershed outlet point) included the entirety of the back and front pastures
of the farm (Figure 6). At this location, wooden tongue and groove 2" by 6" boards were
driven into the ground across the stream, leaving an opening in the center of the channel
for the placement of a 6 inch v-notch weir plate with an attached measuring tape (Figure
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7). A stilling well was installed in the stream flush with the ponded upstream side of the
boards and close to the bank (Figure 7a). A Solinst Model 3001 Junior Levellogger was
suspended in the stilling well to record hourly stream level measurements at the v-notch
weir. At the weir, the water was only ponded about 6 inches above that of the normal
stream level. The ponding extended a maximum of about 20 ft upstream. It is highly
unlikely that the ponding affected the heads at any of the nearby wells. The nearest well,
BD-13, was 230 ft away and its heads were at elevations over 5 ft above that of the
stream level.
The discharge associated with each stream level measurement was calibrated
using the bucket method. (The traditional v-notch weir equation could not be used since
the weir was manually cut and did not have the standard beveled edges. Additionally,
flow occurring through animal burrows in the banks next to the weir location also had to
be accounted for.) On 21 different occasions, representing a variety of flows, the
discharge was measured using a 12 quart bucket. A second order polynomial equation
was fit to the discharge/stage measurements (R2 = 0.9132) to convert the hourly
levellogger head measurements to discharge values (Figure 8).
Model Description
Since the spatial and temporal variation of recharge across the entire farm
watershed is important for this investigation, a numerical computer model, MODFLOW,
was chosen to estimate recharge. In this study, MODFLOW-2005 was operated through
the Groundwater Vistas (GWV) platform (Environmental Simulations, Inc.).
MODFLOW is a three dimensional groundwater flow modeling program. The program
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hydrological processes of interest. To model recharge at the farm, the Unsaturated Zone
Flow (UZF) package (Niswonger et al., 2006) was utilized. UZF is a one-dimensional
vadose zone flow model. UZF provides MODFLOW with recharge fluxes at the water
table, while MODFLOW provides UZF with the position of the groundwater table which
is used as the bottom boundary condition within UZF. In this way, the three dimensional
groundwater flow model is linked in time and space with the one dimensional vadose
zone model (Twarakavi et al., 2008).
MODFLOW simulates three dimensional groundwater flow using a block
centered finite difference approach. The model is discretized into a series of blocks that
can also be subdivided into multiple layers representing the different geologic horizons.
The layers can be simulated as confined, unconfined, or convertible between confined
and unconfined. The blocks within each layer can be divided into subgroups to account
for spatial differences in surficial geologic properties. The parameters for these
properties are defined by the user. Flow from external stresses such as precipitation,
évapotranspiration, or streams are simulated using the additional packages within
MODFLOW (Harbaugh, 2005). For this investigation, the Drain package was used to
simulate streamflow; and the UZF package, which includes the stresses of precipitation
and évapotranspiration, was used to simulate flow within the unsaturated zone.
UZF simulates water flow and storage within the unsaturated zone and partitions
the flow into recharge, évapotranspiration, and discharge to the surface (Niswonger,
2006). To simulate this flow, the UZF package solves the one dimensional kinematic
wave approximation to Richards Equation in the unsaturated zone. The kinematic wave
approximation considers flow due to gravitational forces alone, while ignoring capillary
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forces. Consequently, the UZF package is only applicable in humid climates with deeper
vadose zones where gravity usually dominates flow in the unsaturated zone. In the UZF
package, the vertical hydraulic conductivity in the unsaturated zone is related to the
degree of saturation via the Brooks Corey Equation (Equation 6) (Twarakavi et al., 2008).
KW = *'<$£>" (6)
Where: K(O) = unsaturated vertical hydraulic conductivity
Ks = saturated vertical hydraulic conductivity
? = moisture content
0S = saturated water content
0r = residual water content
e = dimensionless Brooks-Corey exponent
The saturated vertical hydraulic conductivity, saturated water content (i.e. porosity), and
Brooks-Corey exponent parameters are specified by the user within MODFLOW for each
different soil type. The residual water content is calculated internally by UZF using the
difference between the saturated water content and the specific yield (also specified by
the user) (Niswonger et al., 2006).
The two stresses applied within UZF are precipitation and ET. The precipitation
rate is specified by the user for each model stress period. If the precipitation rate exceeds
the maximum infiltration rate of the soil, the excess water becomes surface discharge and
is removed from the model. Surface discharge can also occur if the water table rises
above the land surface. In this instance, the volume of water above the ground surface is
added to the surface discharge flux and the unsaturated mass balance ceases to be
calculated at that location. The ET rate and extinction depth are also specified by the
user for each model time interval. Within the UZF package the ET rate is converted to a
linear rate per unit depth by dividing the user specified ET rate by the extinction depth.
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Water for ET is first removed from water stored in the vadose zone. The user specifies
the extinction water content (EWC) value which defines the moisture content level at
which no further ET can be extracted from the vadose zone. If the ET demand is not met
by the available water in the vadose zone and the extinction depth is beneath the water
table, additional ET will be extracted from the groundwater. (Niswonger et al., 2006).
Water loss due to canopy interception is not accounted for in the UZF package.
The UZF package generates separate output files for recharge, groundwater ET,
and surface discharge for each time step of the model. MODFLOW compresses the
results from the UZF package (recharge, groundwater ET, and surface discharge) into a
binary file. Code was written in MatLab to read, as well as visually display, these results.
Complete MatLab codes can be found in Appendix C. It is important to note that the
recharge file represents the total recharge that reached the water table and not just the net
recharge (Figure 9). The loss of some of the recharge water to later ET extraction from
the groundwater is not factored into this file. The net recharge can be determined by
subtracting the groundwater ET file from the recharge file for each time step. Knowledge
of the net recharge values at the farm will be important for comparison against the
previous New England studies. These studies all estimated net recharge and not total
recharge.
In this study, the groundwater portion of the MODFLOW model was initially
calibrated in steady state using PEST, a non-linear parameter estimation code (Doherty,
2003). Unfortunately, in GWV the PEST option is not currently available for the
MODFLOW-2005 version. Consequently, the model was first run in steady state in
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Figure 9. Diagram illustrating the difference between total recharge and net
recharge values. Net recharge values take into account the loss of a portion of
the recharged water to ET extracted from the groundwater zone.
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MODFLOW-2000 using PEST. The calibrated steady state model was then run in
MODFLOW-2005 in transient mode for further manual calibration.
CHAPTER IV
RESULTS
The ultimate objective of this study is to evaluate the spatial and temporal patterns
of recharge within the Burley Demeritt farm watershed using a numerical computer
model (MODFLOW). First, however, a comprehensive characterization of the site, using
the assimilated data described in the "Methods" chapter, was necessary to thoroughly
understand the potential variables influencing recharge within the watershed. From this
characterization, a model that accurately captured the site conditions was developed. The
model parameters were fine tuned through calibration to the site's hydraulic head and
stream discharge data. Finally, this model was used to evaluate the spatial and temporal
patterns of recharge within the watershed. The results of each of these steps are
described in detail in the ensuing sections.
Site Characterization
The Burley Demeritt farm watershed, delineated using the LIDAR DEM and the
ArcMap derived streams, covers approximately 83 acres (Figure 1Oa). The watershed
extends northwards to Lee Hook Road, southwards to the edge of the farm's main
pasture, westwards to the limits of the farm's main pasture area, and eastward past the
farm boundary to include a portion of the neighboring dairy farm. Within the farm
watershed itself there is just under 100 ft of relief (Figure 10b). The topographic highs in
the watershed are located along the northern and eastern edge of the watershed where the




















highs include the two ridges (ribbed moraines) that run down the length of the back
pasture (Figures 10a and b). The watershed topographic lows are centered around the
valley of the main stream which runs generally northeast to southwest across the site with
elevations dropping to about 77 ft right at the stream outlet point (Figure 1 Ob). This
stream is only a few feet wide and less than a foot deep in most locations. The stream
ultimately empties into the Lamprey River, which borders the farm property along its
southern edge. In addition to the main stream, there are three primary tributaries that join
up with the main stream (Figure 10a). These correspond to higher order streams
delineated in ArcMap and were field checked to have at least ephemeral flow.
ET varied significantly over the study period, July 1 to November 30, 2009
(Figure lia). Reference crop ET rates were highest during July and August, peaking at
just over 0.2 in/day. ET rates declined gradually from September through November
with rates falling below 0.025 in/day by the end of the study period. Using the FAO's
"Guidelines for computing crop water requirements," the reference crop ET rates were
adjusted for the three vegetation types within the watershed with the following K0 values:
1 for pasture, 1.20 for wetland, and 1.25 for forest (Allen et al., 2010). The LIDAR and
field survey analyses revealed that pasture and forested areas dominate the watershed
covering approximately 42 and 32 acres, respectively (Figure 12). The remaining 1 1
acres of the watershed are occupied by riparian wetlands (Figure 12). There are two main
pasture areas at the Burley-Demeritt farm, a front pasture to the north and a back pasture
to the south separated by the farm operation buildings. The forested area, confined
mainly to the eastern portion of the watershed, consists of a mix of deciduous and


























































on the upstream portion of the main farm stream, host a variety of shrubs and grasses as
well as some trees. Most of the year, there are a few feet of standing water in the
wetlands. An additional ET zone was added for the pond in the farm watershed.
Reference crop ET rates were doubled in this area.
The study period was marked by a series of intense rainfall events (Figure 1 lb).
Four separate days saw precipitation exceeding 1.5 inches. The greatest amount of rain,
2.4 inches, fell on November 14th. It total, almost 2 ft of rain fell during the study period.
The newly created surficial geologic map shows that sand and till deposits
dominate the watershed, covering about 36 and 33 acres respectively (Figure 13). The
sands are widespread throughout the watershed, while the till is restricted to the two
ribbed moraines running down the length of the back pasture and to the series of ribbed
moraines along the eastern boundary of the watershed. Clay covers the remaining
approximately 15 acres of the watershed (Figure 13). Clay is prevalent in the lowland
area of the back pasture and also lines the stream and wetland areas.
The thickness and layering of the subsurface stratigraphy were defined through
the use of the surficial geologic map in conjunction with the well boring logs (Appendix
A). Generally, the surficial materials extend about 10 ft deep across most of the farm
watershed and are underlain by metasedimentary bedrock of the Eliot Formation. A
West-East cross section across the back pasture shows that there is a thin confined sand
aquifer (2-3 ft) beneath the clay deposits (Figure 14). A North-South cross section,
extending from BD-4 to BD-1 3, shows that this confined aquifer may extend as far north
as and possibly beyond, BD-5 (Figure 15). The cross sections show another thinner clay
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The slug test results show that the hydraulic conductivity (K) of the different
geologic units within the watershed varies by over 2 orders of magnitude (Table 1).
Hydraulic conductivity is lowest in the till at BD- 15 (0.06 ft/day) and highest in the basal
sand at BD-12 (17.46 ft/day).





















The hydraulic heads at the onsite wells and the stream discharge from the
watershed outlet were both quite variable over the period of the study. Most striking
were the sharp peaks in the hydrographs following precipitation events (Figures 16 and
17). These peaks are indicative of recharging events. The height of the peaks and the
rate of decline of the hydraulic heads differ among the wells due to the different
properties of the surficial material across the farm watershed (Figure 16). The well
screened in the low porosity till material, BD- 14, exhibited the largest peaks in elevation.
Only the heads at BD-4 did not peak following precipitation events. The stream baseflow
averaged about 0.05 cfs with discharge peaking at about 0.6 cfs following rain events
(Figure 17). Daily oscillations in ET are clearly evident in the stream hydrograph and to
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hydraulic head elevations increased during the nighttime hours when ET was minimal
and then decreased during the daylight hours when ET was active.
Model Development
The MODFLOW model for the Burley-Demeritt farm is 274 rows by 288
columns with length units in feet and time units in days. Grid spacing is uniform with
each grid cell about 9.74 ft by 9.74 ft (3 m by 3 m). This grid spacing was chosen for the
model with the intent to capture the fine detail at the farm without creating a model of
cumbersome proportions. The extent of the model's active cells is defined by the farm
watershed boundary. There are 38,726 active cells within the farm watershed shapefile
and 40,186 inactive cells around the perimeter. The Drain package was used to represent
the streams, which occupy 931 active cells. The modeled aquifer is 65 ft thick and split
into two layers, an upper unconfined aquifer and a lower confined aquifer representing
the bedrock zone as well as the thin basal sand layer. The elevation of the top layer was
set by the LIDAR ground surface matrix. The LIDAR DEM was coarsened to 9.74 ft (3
m) resolution in ArcMap to match the model grid dimensions. The second layer was set
15 ft below the steady state water table elevation to capture the transition to bedrock
while also preventing the occurrence of dry cells.
The model was run over the time period from July 1, 2009 to November 30, 2009
with a total of 308 stress periods. The first stress period was run in steady state to
provide initial water levels and water content values. The remaining stress periods were
coincident with daylight versus nighttime hours to capture the diurnal fluctuations in ET
evident in the daily oscillations seen in both the hydraulic head and stream discharge
hydrographs (Figures 16 and 17). Hydraulic heads and stream discharge decreased
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during the day when plants were actively transpiring and then rebounded over night when
transpiration significantly diminished or ceased (Loheide et al., 2005). In the model, for
each day, one stress period represented 16 hrs of daylight during which ET occurred and
another stress period represented 8 hrs of darkness when ET was assigned to be
negligible. For simplification within the model, ET was only applied to the model during
the daylight stress periods. The daily ET rates were increased such that the total ET
calculated for the day occurred within the 16 hrs of the stress period (Appendix B). ET
rates varied spatially according to the vegetation zones delineated in ArcMap and their
associated crop coefficients. ET extinction depths corresponding to vegetation rooting
depths were chosen for each of the zones - 8 ft for the pasture, 12 ft for the forested area,
and 10 ft for the wetland area (Kleidon and Heimann, 1998). An ET extinction depth of
2 ft was chosen for the pond area. The extinction water content (EWC) was set at 0.05
time the porosity values.
Precipitation was applied uniformly in space across the model cells, but variably
in time. Hourly precipitation depths were summed for each stress period, converted to
ft/day rates, and input into the model (Appendix B). For each stress period, 5 time steps
with the time step multiplier set to 1 .1 were used with a few exceptions. During stress
periods when the precipitation rate was exceedingly high (above 0.15 ft/day) up to 20
time steps with a time step multiplier of 1 .3 were necessary to allow the model to
converge to a solution. See Appendix A for a complete listing of the stress period setup.
The geologic zones of Layer 1 were set by the ArcMap-derived surficial geologic
map shapefile (Figure 14). Within GWV, an additional conductivity zone, bedrock, was
delineated to represent the locations where the water table was actually beneath the
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subsurface material (Figure 18). The geologic zones of Layer 2 were set by an additional
shapefile delineating the bedrock area and the basal sand overlying bedrock area (Figure
19). The delineation of the basal sand zone was based on drilling data and surface
topography. The basal sand was believed to be confined within the flat central portion of
the watershed centered about the stream and extending to about the 95 ft ground surface
contour.
For each of the geologic zones within the 2 layers, hydraulic conductivity (Kx, Ky,
and Kz) values and storage coefficients (Sy/Ss) were defined within the model.
Additionally, porosity values and Brooks-Corey exponents, used in the UZF package to
route flow in the vadose zone, were defined for Layer 1. The initial Kx values were
chosen based on the slug test results (Table 2). Horizontal isotropy was assumed with Kx
equal to Ky. MODFLOW uses the Kz values not only for the groundwater flow
calculations, but also to determine infiltration rates for the UZF package in Layer 1. Kz
values representative of the vadose zone material were thus chosen for each of the
geologic zones in Layer 1. As an initial approximation, the Kz values within the sand
units and till were set one order of magnitude below their Kx values. The Kz of the clay
was set equal to that of the sand units since the recharge was assumed to only be
occurring in the sandy topsoil due to the high water table in the clay. The Layer 1
bedrock zone Kz was set a little lower than one order of magnitude below the Kx value in
an attempt to capture the effects of the shallow subsurface clay unit in the north pasture
near BD-4 (Figure 15). The Kz value of the Layer 2 bedrock zone was set one order of
magnitude below its Kx value. The Kz value of the basal sand/bedrock zone was set












































































leakance occurring between this zone and the overlying clay material. The initial values
for Sy/Ss, porosity, and the Brooks-Corey exponent for each geologic zone were based on
field data and literature values for similar soil types (Table 2) (Rawls et al., 1982, and
Brooks and Corey, 1964).
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For calibration purposes, the point shapefile well locations were brought into the
model as target locations. All the wells were set in Layer 1 with the exception of BD- 12
and BD- 13 (screened beneath the clay within the basal sand) which were set in Layer 2.
For each target location, an average head measurement was calculated and specified for
the steady state stress period. The hourly observed head data were also imported for each
target for transient calibration. The observed stream discharge data were visually
compared to the combined drain and surface leakage discharges in Excel.
The model was initially calibrated in steady state. PEST was used to calibrate the
Kx values of the different geologic zones such that the modeled heads provided a
reasonable match to the observed heads at the target locations. The drain conductance
was manually adjusted until the drain discharge was about 0.04 cfs, the average discharge
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measured at the watershed outlet point. The model was subsequently run in transient
mode to manually calibrate the watershed storage properties (Sy, S8) such that the
magnitude of the modeled target head hydrograph peaks were within the range of the
observed data. The drain conductance was also further calibrated such that the
cumulative modeled fluxes matched the cumulative observed fluxes. One notable issue
did arise during the calibration process. The modeled heads at BD- 12 and BD- 13 were
consistently a few feet above the observed heads. To resolve this issue, 50 General Head
Boundary (GHB) cells, set at 83.5 ft, were spread throughout the basal sand zone in
Layer 2. These cells allowed water, representative of leakage to the bedrock and out of
the farm watershed, to drain out of the model.
Calibrated Model Summary
The parameter values in the final calibrated model do not differ significantly from
the initial estimated values. The Kx and Sy/Ss were adjusted slightly from their initial
values through PEST and manual calibration to provide a reasonable match between the
simulated and observed conditions (Table 3). The initial Kz values were also adjusted
slightly such that they were within an order of magnitude of the final Kx values with the
bedrock and till layers still having the lowest Kz values (Table 3). The drain conductance
was calibrated to 195 ft2/day. The ET rates had to be multiplied by 1 .5 in order to keep
the modeled heads at the appropriate elevations. The remaining parameters for the
vadose zone properties were left at their initial estimates.
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The final calibrated transient model has a percent error (standard deviation/range)
of 2.1%, well below the acceptable calibration limit of 5%. A complete list of the
calibration statistics can be found in Table 4 below.
Table 4. Calibration summary statistics for the transient model.
Calibration Statistic
Residual Mean (ft)
Residual Standard Deviation (ft)
Residual Sum of Squares (ft)
Absolute Residual Mean (ft)
Minimum Residual (ft)
Maximum Residual (ft)











The modeled heads of the calibrated model exhibit the same patterns and are within the
same elevation range as the observed data. A scatter plot of the modeled versus observed
heads shows that a majority of the points lie on the one-to-one (x=y) line (Figure 20).
There are, however, a few notable exceptions among the wells. The mean error (ME) and





























































































greatest near BD-14 and BD-4 with RMSEs of 1.39 and 0.65, respectively (Figure 21). A
closer look at the modeled hydrographs for the wells shows that the modeled heads at
BD-14 are consistently about 1 ft below the observed heads (Figure 22b). Additionally,
the magnitude of the peaks in head in the observed data at BD-14 are not fully captured
by the model. The modeled heads at BD-4 are consistently nearly a foot above the
observed heads (Figure 22e). However, the modeled and observed data at BD-4 do
exhibit the same general head pattern. While there are some inconsistencies between the
modeled and observed heads, overall the modeled heads do generally capture the
observed transient nature of the recharge. The observed peaks in head corresponding to
the recharging events are captured in the modeled head hydrographs with the exception
of BD-14. Additionally, the timing and magnitude of these modeled peaks are generally
similar to that of the observed data (Figure 22).
The modeled stream discharge (drain outflow plus surface discharge) nearly
mirrors the observed data (Figure 23a). Of particular note is that the modeled peaks are
not quite as high as the observed peaks. The majority of the water volume in these peaks
comes from surface discharge. It was originally thought that by spreading the rainfall
amount over an 8 or 16 hr stress period, the intensity of the rainfall was not accurately
captured. With this less intense precipitation rate, the infiltration capacity of the soils
was not exceeded as often in the model as in reality, reducing the amount of surface
discharge and consequently the stream discharge peak. To investigate this hypothesis,
the model was run with shorter stress period intervals during the November 1 1' rain
event. This did not, however, change the magnitude of the modeled stream discharge





















































































































































































flashiness the groundwater system during storm events. Unfortunately, lowering the Ss in
Layer 2 caused the model to fail. Future studies may want to look into investing in a
more powerful solver for the model. The modeled stream discharge did capture the
diurnal fluctuations in ET, though at a smaller magnitude than that of the observed data
(Figure 23b). The cumulative model discharge (606,569 ft3) is within 10% of the
cumulative observed discharge (677,520 ft3). The cumulative modeled discharge closely
follows the observed data throughout the model simulation with the exception that the
observed data shows more significant jumps following rain events (Figure 23c).
The groundwater at the site flows from the northern, eastern, and western edges of
the farm watershed towards the main stream running through the site (Figure 24a). The
groundwater elevation drops over 40 ft from the northern part of the watershed to the
watershed outlet point. Groundwater elevations ranged from about 120 ft above sea level
to 78 ft above sea level. The depth to groundwater varies widely across the site from just
over 60 ft along the eastern edge of the watershed to flooded cells along the sharp break
in slope at the edge of the wetland area (Figure 24b). The shallowest groundwater is
centered primarily around the main stream with another area of shallow groundwater
surrounding the pond. Water table depths generally increase towards the northwestern
and eastern edges of the watershed with one notable exception. On the very northeastern
edge of the watershed, there is an area of shallowing groundwater. Leakage to the
bedrock and out of the watershed, represented by the GHB cells in the Layer 2 basal
sand, is minimal. The total volume of leakage in the model is about 1 1,207 ft , less than









To evaluate the spatial distribution of recharge at the farm, the UZF recharge
amounts for all stress periods, with the exception of the first 1 1 stress periods
representing model spin up time, were totaled at each active cell in the watershed. The
recharge amounts were then divided by the cumulative model precipitation amount
(1.889 ft) to obtain a recharge percentage value at each cell as seen in the Figure 25a
map. These recharge amounts represent the total amount of precipitation that reached the
water table regardless of whether it was later extracted by groundwater ET (i.e. not just
the net recharge amounts as were estimated in the previous New England studies).
Across the farm watershed, the total recharge percentages vary from just over 100% to
0%. As noted by citation (Twarakavi et al., 2008), the UZF package may have small
mass balance errors where topographical changes occur or where the water table is
exceedingly shallow. These errors appear to be present at some locations in the model
where recharge is just over 100%. Recall, the UZF package partitions the incoming
precipitation into not only recharge, but also surface discharge, unsaturated zone ET, and
change in storage. Only the recharge, surface discharge, and groundwater ET results are
available as model output. To understand the recharge patterns, the surface discharge
amounts and groundwater ET amounts were totaled in the same manner as the recharge
and divided by the cumulative model precipitation amount (Figures 26a and b). As
previously mentioned, the surface discharge file not only contains the non-infiltrated
precipitation, but also any groundwater that rose above the ground surface due to a rising
water table. As a result, the summed recharge, surface discharge, and groundwater ET
amounts for individual cells within the watershed exceed 100% in some locations.
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The spatial distribution of recharge at the farm appears to be controlled mainly by
the topography and its control on the depth of the water table. The areas of highest
recharge are confined mainly to the wetland/clay areas and the pond area where the depth
to the water table is within 4 ft of the ground surface (Figure 25c). Here, 60% to almost
100% of the precipitation reaches the aquifer (Figure 25a). Most of the infiltrating water
reaches the water table and becomes recharge before it is later extracted by ET. In these
areas most of the ET demand is satisfied by withdrawal from the groundwater (Figure
26b). Consequently, most of the infiltrating water reaches the water table and becomes
recharge before it is later extracted by ET. The areas of lowest recharge (dark blue)
occur at the break in slope down to the wetland where flooded cells (seeps) were present
in the model (Figure 25a and c). Here, recharge is 0% as the precipitation is immediately
routed to surface discharge (Figure 26a). The surface discharge in this area exceeds
200% since, in addition to the precipitation, the groundwater rising above the ground
surface was also routed to surface discharge (Figure 26a).
The remaining areas of the farm (where the water table is greater than 4 ft below
the ground surface) experience an intermediate amount of recharge. Recharge in the till
and bedrock zones typically varies from 2% to about 20% of precipitation. Recharge in
the sand zone varies from 15% to about 55% of precipitation. The recharge percentages
are much less in these areas than in the wetland/clay areas because a majority of the ET
demand is satisfied from water in storage in the vadose zone and not from withdrawal
from the groundwater (Figure 26b). This water is extracted before it ever has a chance to
reach the water table and become recharge.
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Soil characteristics do appear to play a secondary role in the recharge percentages
at the farm. The fine to coarse sand zone where the BD-7 to BD-IO series wells are
located (yellow zone in Figure 25b) can be clearly delineated on the recharge map (light
green to yellow strip). The depth to the water table in this zone (between 4 to 8 ft) is
similar to that of the till immediately bordering it to the south and the ET extinction depth
in both zones is 8 ft; however, the recharge percentage in the sand zone (40-55%) is
significantly higher than in the bordering till (15%) (Figure 25a). The groundwater ET
map shows that this sand zone is the one striking exception where the depth to the water
table is greater than 4 ft below the ground surface but much of the ET is satisfied by
withdrawal from the groundwater (Figure 26b). The conductive sand routes the
infiltrating water more quickly through the vadose zone than the neighboring till.
Consequently, there is less water in storage in the sand vadose zone, more water becomes
recharge, and ET demand must be satisfied by withdrawal from the groundwater.
The average recharge across the farm watershed, determined by averaging the
individual cell percentages, is 30% of precipitation. This number represents the total
amount of precipitation that actually reaches the aquifer. Flynn and Tasker (2004) only
looked at the net recharge, the amount of precipitation that reached the watershed and
was not retaken up by groundwater ET (Figure 9). To evaluate the net recharge at the
farm watershed, similar to Flynn and Tasker (2004), the cumulative groundwater ET
amounts were subtracted from the cumulative recharge amounts and then scaled to the
cumulative precipitation. Across the farm, the net recharge percentage varies from less
than 0% where seeps occur (along the edges of the wetland) up to about 60% in the
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clay/wetland area (Figure 27). The patterns seen in the net recharge map are similar to
those on the actual recharge map (Figures 25a and 27). The areas of higher net recharge
are primarily confined to the wetland/clay and pond areas (though recharge here is now
reduced due to groundwater ET) and the areas of low net recharge are confined to the
bedrock and till zones. Recharge rates in the bedrock and till zones did not change since
no groundwater ET occurs there. The watershed-wide net recharge average is about 10%
ofprecipitation. This number is a bit lower than the net recharge percentage reported by
Flynn and Tasker (2004) for either the summer (17%) or fall (43%) season. A time
weighted average of the Flynn and Tasker (2004) seasonal percentages for the model run
period, July through November, is about 24.6%. Possible explanations for the
discrepancy between the net recharge value from this study and that of Flynn and Tasker
are addressed in the "Discussion" section.
Temporal Recharge Patterns
To evaluate the temporal patterns of recharge at the farm, the average recharge
rate (ft/day) across the entire watershed was calculated for each stress period (Figure
28a). The recharge rates spike during or immediately after precipitation events with the
maximum spike of 0.067 ft/day occurring on July 24th. These spikes only last one or two
stress periods (8 or 16 hrs) and then the recharge rates fall to nearly 0 ft/day. The
magnitude of the peaks is loosely correlated (R2=0.43) with the intensity of the
precipitation events with more intense precipitation events generally experiencing higher
recharge rates (Figure 28b). It appears that the timing of the precipitation event also has
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amounts to that of the August 28th and November 14th storms (about 0.2 ft), however, the
July storms experienced recharge rates about twice that of the August and November
storms (0.06 ft/day vs. 0.03 ft/day). The July storms were immediately preceeded by a
series of less intense storm events during which minimal recharge occurred. Due to these
series of storms it is likely there was a significant amount of water in storage in the
vadose zone prior to the July storms. The infiltrating water from the July storms then
forced the stored vadose zone water into the aquifer, spiking high recharge rates. The
August and November storms were not similarly preceded by a series of storm events and
resultantly likely had less water in storage to cause as high of a spike in recharge rates. A
closer look at the volume of water added to storage during these storms confirms this
hypothesis. The August and November storms were able to store over 30% more water
in the vadose zone than the July storms (291,976 ft3 and 292,767 ft3 vs. 188,671 ft3 and
207, 027 ft3). Prior to the July storms, storage in the vadose zone was already near its
capacity and the additional storm water forced this storage water to recharge the aquifer.
To take a closer look at the spatial distribution of recharge at the farm following a
precipitation event, recharge rate maps (Figure 29) were generated for the August 28
storm and the two proceeding days (four stress periods). The maps reveal that the spikes
in recharge following a precipitation event are primarily associated with the recharge that
occurs in the clay/wetland and pond areas. High recharge rates are evident in this area
during and immediately following the storm. Recharge rates begin to diminish after only
one day (2 stress periods) and by the second day (Aug 30th) recharge is minimal. It







In order to take a closer look at the temporal patterns of recharge across the farm,
a gage was placed in each of the four main geologic zones - sand, till, bedrock, and clay
(Figure 30a-d). Within the UZF package, gages can be placed in individual model cells
to track the recharge through time. The results of these gages must be interpreted with
some caution; the modeled peaks in the well hydrographs associated with recharging
events were somewhat delayed and muted compared to that of the observed peaks at all
of the wells except BD-4 and BD-5 (Figure 22). This seems to indicate that recharge in
actuality occurred earlier and at a slightly higher rate across most of the farm than
simulated in the model gages.
The gage in the clay zone shows that recharge rates spike immediately following
the storm events as was seen in the recharge rate maps (Figure 29). These spikes last less
than one stress period (the gage records recharge rates for each time step) and peak at 1 .6
ft/day (Figure 3Od). It appears that the relatively thin vadose zone (less than 4 ft thick) in
the clay zone efficiently collects the infiltrating water. Recharge then ceases in this zone
until another storm event occurs.
The gage in the sand zone shows that this zone experiences delayed peaks in
recharge following precipitation events. These peaks occur 4 to 5 days after the storm
event (Figure 30a). The peaks are on the order of 0. 1 ft/day, far below the 1 .60 ft/day
peaks that occur in the clay/wetland area (Figure 3Od). However, the decay rate of the
peaks in the sand is much slower than that of the clay, averaging about 4 days in length
versus a few hours. The delayed and extended peaks in the sand zone are the result of a
thicker vadose zone than in the clay zone. This thicker vadose zone results in longer
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infiltration times, causing the recharge to occur at slower rates over a longer time
interval.
In the bedrock zone, recharge only occurred at low rates (less than 0.01 ft/day)
during the first 20 days of the model simulation (Figure 30c). This recharge in the model
is likely associated with the water that remained in storage in the vadose zone after the
steady state spin up period. This recharge caused the modeled heads at BD-4 in the
bedrock zone to increase initially (Figure 22e). This increase was also seen in the
observed heads likely due to storage water in the vadose zone from the spring rains
(Figure 22e). No recharge occurred in the bedrock zone in the model after the initial 20
days. It appears that any infiltrating water was extracted by ET before it reached the
water table. This resulted in the modeled heads continuously dropping from day 25
onward (Figure 22e). This drop was also seen in the observed heads indicating that
indeed no recharge actually occurred in this area in the late summer/fall.
In the till zone, recharge only occurred at low rates (less than 0.05 ft/day) during
the first 10 days and the last 30 days of the model simulation (Figure 30b). Similar to the
bedrock zone, the initial recharge is likely related to water that remained in the vadose
zone after the steady state spin up period. During the middle portion of the model
simulation, it appears that any infiltrating water was extracted by ET before it reached the
water table. In actuality it is unlikely that no recharge occurred during this period. The
observed heads at BD- 14 showed sharp peaks associated with recharging events
throughout the study period (Figure 22b). These peaks were not successfully captured
during the middle portion of the model simulation and thus no modeled recharge
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occurred during this time. At the end of the model simulation when ET rates were much





The spatial and temporal variation of recharge across the farm watershed was
successfully captured using the MODFLOW-2005 with the combined 3D groundwater
flow and ID unsaturated zone flow model. However, it must be recognized that the
reliability of the results lies in the accuracy of the model - how representative the
parameters are and how well the model was able to capture the actual flow conditions at
the farm. In the following sections, the strengths and weaknesses of the farm model
calibration will be evaluated with an emphasis on the resulting impacts on the recharge
estimations. Areas of improvement for future research will be discussed. In light of the
improvements needed, we will examine what processes appear to be dominantly
controlling recharge within the farm watershed and how the modeled recharge results
compare to that of previous studies. Finally, we will assess the immediate implications of
the recharge patterns at the Burley-Demeritt Farm and make recommendations for future
manure management practices.
MODFLQW Model Calibration and Suggestions for Future Research
While the model did successfully capture the spatial and temporal variation of
recharge within the farm watershed, there are a few areas of the model that require further
attention to improve the model's accuracy for future investigations. The modeled heads
at BD-4 and BD- 14 require further refinement as their RMSE' s and ME' s were both over
0.5 ft. The magnitude and timing of the modeled head peaks associated with recharging
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events needs refinement at all of the well locations, except BD-4 and BD-5; the modeled
head peaks were consistently delayed and muted compared to the observed head peaks.
Finally, a closer look into the accuracy of the ET rates is necessary as it is unclear
whether ET rates were actually 50% above that of the calculated Penman-Monteith rates
as simulated in the model. All three of these issues will be discussed in further detail in
the ensuing paragraphs.
The groundwater portion of the MODFLOW model is well within calibration
standards with a relative RMSE below 5%. However, a closer look at the modeled target
heads versus the observed heads reveals that there are two areas of needed improvement,
the bedrock zone near BD-4 and the till zone near BD- 14. At BD-4 the modeled heads
are consistently 1 ft above the observed heads (Figure 22e). The modeled and observed
heads at BD-4 exhibit the same trend, however, the initial modeled head rise at BD-4 is
much greater than the observed rise. This head rise appears to be controlled by water in
storage in the vadose zone associated with the initial steady state model spin up period.
This water was below the specified ET extinction depth (8 ft) when the model began to
run in transient state and thus became recharge. In the UZF package it appears that initial
vadose water contents can be specified instead of running a steady state spin up period
(Niswonger et al., 2006). In future research at the farm, specifying the initial vadose
zone water contents may be preferable to using the steady state spin up period in order to
resolve the issue at BD-4.
At BD- 14, the modeled heads are consistently almost 1 ft below the observed
heads (Figure 22b). It remains unclear why we were unable to increase the modeled
heads in this area. The low heads may be related to the well's close proximity to the
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stream and further investigation into the stream's conductivity value in this area may be
appropriate.
The modeled peaks at most of the wells, particularly BD- 14 in the till zone and
BD-9, BD-IO, and BD-1 1 in the sand zone, were muted and delayed compared to the
observed peaks (Figures 22b, f, g, and h). This likely resulted in the model
underestimating recharge in these areas. It appears that the vadose zone parameters need
to be adjusted in these zones such that water is routed more quickly through the vadose
zone here. This would help achieve the higher magnitude and earlier timing of the
observed peaks which were associated with the recharging events. The next step in this
research is a full sensitivity analysis of the vadose zone parameters - Kz, porosity, Sy,
Brooks-Corey exponent, and EWC - which control the infiltration rates and ultimately
affect the modeled head peaks associated with recharge. For this investigation, the
vadose zone parameters were estimated from literature values since they could not be
measured independently. Sensitivity analyses of these parameters will enable us to see
how these parameters affect the recharge rates and patterns and will also reveal to which
parameters the recharge is most sensitive. Further research should then be focused on
accurately estimating the most sensitive parameters. Sensitivity analyses run on an
earlier model of the farm watershed revealed that the recharge was most sensitive to the
Kz parameter (Appendix D).
The other uncertain parameter affecting the vadose zone flow is the ET rates.
Since ET is first extracted from the vadose zone, it affects how much of the infiltrating
water becomes recharge. The ET rates for this study were estimated using the Penman-
Monteith equation and adjusted with crop coefficients. In order to keep the modeled
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head elevations and stream discharge within the appropriate observed range, the ET rates
had to be increased by 50%. When the original ET rates were applied to the model, the
modeled heads at all the wells continuously rose above the observed heads over the
course of the simulation. It remains to be determined if the ET rates at the farm are
actually 50% above the calculated rates. This excess water does need to be removed
from the model such that the heads are accurately represented. However, it is possible
that this water is alternatively leaving through leakage to the bedrock or out of the
assumed watershed boundary which would also lower the heads. If this excess water is
leaving the watershed via some other avenue than increased ET, then this model likely
underestimates recharge by as much as 50%. Lower ET rates would allow more of the
vadose zone water to reach the water table and become recharge. The next step in the
research will be to try and better constrain the ET values. Groundwater ET values can
also be estimated using daily head oscillations from well data as was seen in the head
data at the farm (Loheide et al., 2005). A closer look at the daily head oscillations at BD-
12 and BD- 13 where most of the ET is extracted from the groundwater may help better
constrain the magnitude of the ET rates.
While the model is fairly well calibrated to the 8 target wells spread across the
western portion of the farm watershed, as well as the stream flow data, it may be
informative to install a few more wells at the site within the eastern portion of the
watershed. While the area of the farm we are most interested in does lie within the
western portion of the watershed, ensuring that the model is also accurate within the
eastern portion of the watershed may aid in the overall model calibration. Unfortunately,
the Burley-Demeritt farm property line runs just to the east of the main stream. Installing
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wells any further east will involve cooperation with the neighboring farm and other
property owners.
Controls on Recharge Patterns
Despite the need for further research to help improve some areas of the
groundwater model and to evaluate the sensitivity of the vadose zone parameters, the
spatial patterns of recharge at the farm are unlikely to change significantly from those
reported in this study with the exception of perhaps slight increases in recharge in the till
zone. This study's recharge map provides great insight into what factors play a dominant
role in controlling the spatial patterns of recharge at the farm. Topography, mainly its
influence on the water table depths, appears to be the key factor controlling the recharge
patterns. Soil characteristics play a secondary role in the recharge patterns, with
vegetation patterns taking a more indistinct role.
The most immediately apparent factor influencing the recharge patterns is the
topography, specifically its relation to the water table depths. Where the water table is
within 4 ft of the ground surface, the majority of the precipitation becomes recharge
(60% to 100%). The shallow water table is able to efficiently collect the infiltrating
water before ET has the opportunity to extract it from the vadose zone. As a result, ET is
primarily extracted directly from the groundwater in these areas. Where the water table
is over 4 ft below the ground surface significantly less precipitation becomes recharge
(2% to 55%>). With this deeper water table, it takes more time for the infiltrating water to
reach the aquifer and this provides a greater opportunity for the ET to be extracted from
this vadose zone water. In the till and bedrock zones a majority of the infiltrating water is
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extracted by ET before ever reaching the water table, keeping recharge rates here
extremely low.
Soil characteristics play a secondary role in the spatial recharge patterns at the
farm. The influence of the soil characteristics is most distinct in the area near the BD-7
to BD-IO series wells. Here the till and sand zones interface with similar water table
depths (4 to 8 ft); however, the sand zone experiences much higher recharge rates (50%
in the sand vs. 15% in the till). The more conductive sand routes the infiltrating water
more quickly through the vadose zone than in the less conductive till. Thus, the
infiltrating water in the sand zone thus has less opportunity to be extracted by ET before
reaching the water table, resulting in higher recharge rates. The soil characteristics of the
vadose zone do play a key role in recharge since they determine how fast the
precipitating water infiltrates and consequently how long this water is subjected to
potential vadose zone ET extraction. This was only evident in the sand zone at the farm,
but may play a greater role in other sites throughout New England. Consequently, it is
important that the soil characteristics are accurately estimated in the model. Thus, as
previously mentioned, the next step in this research is a full sensitivity analysis of the
vadose zone parameters.
The vegetation type appears to play a more indistinct role in the recharge at the
farm. The vegetation type was factored into the ET rates using crop coefficients. The
wetland and forested areas had ET rates about 20% higher than that of the pasture area.
In the wetland area the depth to the water table is less than 4 ft and thus any influence the
vegetation might have had on the recharge patterns was obscured by the dominant
influence of the topography. The forested area primarily covers the eastern half of the
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bedrock zone. There were no readily discernable differences in the recharge between this
forested area of the bedrock zone and the pasture area of the bedrock zone in the western
part of the watershed. This seems to indicate that vegetation type does not have any
significant influence on recharge in the farm watershed. However, the vegetation rooting
depths do play a secondary role in controlling the recharge, since they determine to what
depth ET can be extracted. While the variation among the rooting depths at the farm (8 ft
to 12 ft) did not have any significant noticeable impact, the rooting depths do determine
where on the farm ET can additionally be extracted from the groundwater.
Consequently, rooting depths representative of the vegetation must be carefully chosen
such that ET is extracted from the appropriate zone.
Comparison with Previous Studies
Of all the previous New England recharge studies, only Flynn and Tasker (2004)
broke the recharge percentages down by season and thus this is the only study against
which my results can be compared. The net recharge percentage for the farm model
(10%) is signficantly lower than the time weighted average of Flynn and Tasker' s (2004)
percentage for the model run period (24.6% - NH state-wide average). This lower net
recharge value for the farm may be realistic. There were a handful of watersheds in the
Flynn and Tasker (2004) study, including one in nearby Exeter, NH, whose average
summer recharge (June-October) was similarly only 10% of precipitation. Additionally,
the amount of water leaving the farm watershed through the stream baseflow, another
measure of net recharge, is about also about 10% of the total precipitation. (This measure
of recharge does assume that no water is leaving through deep groundwater flow or flow
out of the assumed watershed boundary.) These factors seem to indicate that the model is
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accurately estimating the net summer/fall recharge at the farm though it is a bit lower
than the NH average.
It must the
recharge in the farm watershed due to the increased ET rates that were used. The
calculated ET rates were increased by 50% in the model. These high ET rates may be
compensating for water that is actually leaving the farm through leakage to the bedrock
or out of the watershed as previously mentioned. In this case, more recharge would be
entering the watershed than is simulated. This extra recharge would still not be seen in
the stream flow record as it is leaving the watershed via another avenue. One way to test
this hypothesis would be to model the recharge at the farm during the winter and early
spring when the ET is essentially inactive. If the modeled heads and stream discharge are
higher than the observed values during this period when ET is shutoff, then it is likely
that water is leaving the watershed via another avenue (not increased ET). This would
indicate that the net recharge rates are in fact a bit higher than simulated in this model
and may be closer to the Flynn and Tasker estimate.
This investigation goes beyond that of the previous New England studies by
estimating the total recharge percentages across the farm, in addition to the net recharge
percentages. The total recharge percentages at the farm were significantly higher
(upwards of 40% higher) than the net recharge percentages in the clay/wetland and pond
areas where the water quickly recharged the aquifer before some of it was later extracted
from the groundwater by ET. Knowing the total volume of water that reaches the
aquifer, regardless of whether it is later extracted by ET, is of enormous importance.
This water brings down with it contaminants from the surface. Ifjust the net recharge
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values were used in a contaminant flow study, then the amount
would result in the underestimation of mounding associated with precipitation events.
Future plans for research at the farm include modeling the hydrologie conditions
during winter and spring. Having the farm model run for a full year will also allow a
comparison of the results against that of other recharge studies in New England. The
modeled cumulative recharge depths will be compared against the areally averaged
recharge amounts in these studies. It will be informative to see if the annual net recharge
at the farm more closely matches the Flynn and Tasker estimate and these other studies.
Implications for Manure Management Practices at the Farm
Knowledge of both the spatial and temporal distribution of recharge is essential
when determining best manure management practices at the farm. The main concern at
the farm is the leaching of nitrates from the manure into the aquifer. The areas of highest
recharge, the wetland/clay and pond area, are the primary locations on the farm where
spreading of manure should be avoided. Nearly 60% to 100% of the precipitation
recharges the aquifer in these locations, bringing down nitrates with it. Additionally, the
recharge rates here are exceedingly high during and immediately after storm events. If
manure were spread in this area, the nitrates would be quickly leached into the aquifer
during the storm event with little to no time to attenuate. The flooded edges of the
wetland (likely seeps) should also remain manure free. Though the recharge rate here is
0%, surface discharge is high and this water has the potential to leach nitrates from the
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manure and transport them quickly to the nearby stream which ultimately empties into
the at-risk Great Bay Estuary.
The ideal location to spread manure at the farm is actually the north pasture
(bedrock zone). The north pasture has both a deep water table and a low conductivity
vadose zone. This enables the maximum amount of nitrates to be taken up by the
vegetation or possibly undergo denitrification before reaching the aquifer. Additionally,
this area did not even receive recharge during the majority of the summer/fall because ET
was extracted from the vadose zone storage water before it had the opportunity to reach
the water table. Thus, only limited amounts of the nitrate contaminated vadose zone
water actually reached the aquifer.
The second priority location to spread manure would be the till zone in the south
pasture. The till zone has the next lowest recharge percentage after the bedrock zone.
The low conductivity of the till results in relatively slow infiltration rates providing time
for the nitrates to attenuate. If possible, the sand zone in the south pasture should remain
manure free. Recharge percentages are upwards of 50% of precipitation in the sand zone
and a sharp spike in recharge rates was observed here. Nitrates leached into the sand
zone would have less of an opportunity for attenuation before reaching the aquifer than in




The UZF package within MODFLOW proved to be a useful tool for simulating
recharge and partitioning the precipitation into recharge, surface discharge, and ET. The
results provide valuable information on relative recharge rates and patterns which can be
used to guide future recharge and groundwater investigations within New England.
This study clearly demonstrates that topography (specifically depth to water table)
is the main factor controlling recharge within the farm watershed and likely throughout
the region. At the farm, areas with water tables within 4 ft of the ground surface
experienced significantly more recharge than areas with deeper water tables. The areas
with shallower water tables were able to more quickly collect the infiltrating water, while
the areas with thicker vadose zones experienced longer infiltration times which created a
greater opportunity for the water to be extracted by ET before ever becoming recharge.
At the farm, the depth to water table threshold separating the high recharge areas from the
low recharge areas was 4 ft. This threshold may differ among sites within New England
depending on the sites' characteristics, particularly rooting depths and infiltration rates.
Soil characteristics play a secondary role in the recharge patterns, since they determine
how fast the water infiltrates. At the farm, areas where water infiltrated more quickly
experienced less vadose zone ET and consequently more total recharge. From this study
it is clear that knowledge of both soil characteristics and water table elevations at a site is
important for accurately determining the recharge patterns. The specific interplay of the
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soil characteristics and water table depths/topography may slightly differ at each site.
However, this study provides a good context to start thinking about the interplay of these
site specific factors and exploring their influence further at in other locations throughout
New England.
Using a model to estimate recharge allowed us to account for recharge on a fine
sub-watershed scale. Although the total recharge at the farm was only 30% of
precipitation, the recharge percentages varied quite widely spatially across the farm from
0% up to almost 100%. Knowing this spatial distribution of recharge is particularly
important for contaminant flow studies so that the spatial distribution of the contaminant
leaching can be accurately modeled. Additionally, this fine resolution of the recharge
patterns enables high recharge zones to accurately be delineated in order to protect the
underlying groundwater source from contamination.
The fine resolution of the recharge rates and patterns captured by the farm model
would not have been possible using other traditional recharge measurement techniques.
This level of detail allowed us to understand the factors affecting recharge on a sub-
watershed scale which have not previously been explored in the New England area. The
next step now lies in refining the farm model through analyzing the sensitivity of the
vadose zone parameters and assessing the accuracy of the ET rates. This additional
information will help improve the accuracy of the modeled recharge rates and patterns.
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HYDROGEOLOGIC LOG FOR MONITORING WELL BD-4
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: New Hampshire Boring
Date Drilled: 2005
Ground Elevation: 126.2'
Elevation ofScreened Interval: 98.2'- 1 13.2'
Lat/Long: 43.0971° N 70.9875° W
Total Depth ofWell: 28'
Depth Drilled: 28'





















GS 1: (G-2.5') Light brown fine to coarse Sand, some
gravel, trace silt
GS 2: (2.5'-4.5') Brown-gray Clay
GS 3: (4.5'-l 1.5') Brown fine to coarse Sand
GS 4: (11.5'-28') Metasedimentary rock
GEOLOGIC LOG





2 inch PVC 10-stot casing
2 inch PVC casing





HYDROGEOLOGIC LOG FOR MONITORING WELL BD-5
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: Hand Augered (UNH Personnel)
Date Drilled: 2005
Ground Elevation: 95.8'
Elevation ofScreened Interval: 83.8'-88.8'
Lat/Long: 43.0961° N 70.9882° W
Total Depth ofWeU: 12'
Depth Drilled: 12'



















GS 1: (G-2.51) Light brown fine to coarse Sand, some
graveL trace silt
GS 2: (2.5'-6.5') Brown-gray Clay
GS 3: (6.5-12') Brown fine to coarse Sand
GEOLOGIC LOG





2 inch PVC 10-stot casing
2 inch PVC casing
? Static water level
GS Grab Sample
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HYDROGEOLOGIC log for MONITORING WELL BD-7
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: Hand Augered (UNH Personnel)
Date Drilled: 2005
Ground Elevation: 1 1 7.2'
Elevation ofScreened Interval: 1 10.2'- 1 15.2'
Lat/Long: 43.0970° N 70.9900° W
Total Depth ofWell: T
Depth Drilled: T

















GS 1: (2'-7) Light brown fine to coarse Sand, some
gravel, trace silt
GEOLOGIC LOG





I 1 2 inch PVC 10-slot casing
1 1 2 inch PVC casing
? Static water level
GS Grab Sample
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HYDROGEOLOGIC log for MONITORING WELL BD-8
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: Hand Augered (UNH Personnel)
Date Drilled: 2005
Ground Elevation: 1 16.6'
Elevation ofScreened Interval: 105.6'- 108.6'
Lat/Long: 43.0968° N 70.9893° W
Total Depth ofWeU: 11'
Depth Drilled: 11'

















GS 1: (2-6') Light brown fine to coarse Sand, some
gravel, trace silt
GS 2: (6-9) Brown-gray Clay
GS 3: (9-1 1') Brown fine to coarse Sand
GEOLOGIC LOG





2 inch PVC 10-slot casing
2 inch PVC casing





HYDROGEOLOGIC LOG FOR MONITORING WELL BD-9
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: Hand Augered (UNH Personnel)
Date Drilled: 2005
Ground Elevation: 1 16.8'
Elevation ofScreened Interval: 1 10.8'- 1 13.8'
Lat/Long: 43.0968° N 70.9893° W
Total Depth ofWell: 6'
Depth Drilled: 6'



















CS 1: (2'-6') Light brown fine to coarse Sand, some
gravel, trace silt
GEOLOGIC LOG





F^ 2 inch PVC 10-sbt casing
> 1 2 inch PVC casing
? Static water level
GS Grab Sample
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HYDROGEOLOGIC log FOR MONITORING WELL BD-IO
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: Hand Augered (UNH Personnel)
Date Drilled: 2005
Ground Elevation: 1 16.0'
Elevation ofScreened Interval: 1 10.0'- 1 1 3.0'
Lat/Long: 43.0968° N 70.9890° W
Total Depth ofWeD: 6'
Depth Drilled: 6'



















Œ 1: (2'-5') Light brown fine to coarse Sand, some
gravel, trace silt
œ 2: (5'-6') Brown-gray Clay
GEOLOGIC LOG





i^^ 2 inch PVC 10-sfot casing
I 1 2 inch PVC casing
? Static water level
GS Grab Sample
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HYDROGEOLOGIC log for monitoring WELL BD- 1 1
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: New Hampshire Boring
Date Drilled: 2009
Ground Elevation: 1 17.94'
Elevation ofScreened Interval: 103.7-1 13.7'
Lat/Long: 43.0970° N 70.9902° W
Total Depth ofWell: 14.2'
Depth Drilled: 15'





















SS 1: (4'-6') Light brown fine Sand and Gravel, some m-c
sand, little to trace silt
SS 2: (9'-1G) Dark brown Silt and Gravel, some fine sand.
little m-c sand
(10.5') chips ofmetasedimentary rock
GEOLOGIC LOG





2 inch PVC 10-slot casing
2 inch PVC casing
? Static water level




HYDROGEOLOGIC LOG FOR MONITORING WELL BD- 12
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Drier: New Hampshire Boring
Date Drilled: 2009
Ground Elevation: 84.3'
Elevation ofScreened Interval: 67.5'-69.5'
Lat/Long: 43.0947° N 70.9885° W
Total Depth ofWeU: 16.8'
Depth Drilled: 16.8'
















SS 1: (4'-6') Gray-brown Clay, trace silt
SS 2: (8'-10') Gray-brown Clay, trace silt
SS 3: (12'-14') Gray-brown Clay, trace silt
SS 4: (14-16') Brown fine Sand, trace silt
16.8' mild refusal, bedrock?
GEOLOGIC LOG





F^ 2 inch PVC 10-stot casing
I 1 2 inch PVC casing
? Static water level
SS Split Spoon Sample
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HYDROGEOLOGIC log for MONITORING WELL BD- 1 3
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: New Hampshire Boring
Date Drilled: 2009
Ground Elevation: 85. G
Elevation ofScreened Interval: 75. Y-Il. 1 '
Lat/Long: 43.09400N 70.9891° W
Total Depth ofWeU: 10'
Depth Drilled: 11'





















SS 1: (4'-6') Gray-brown Clay, trace sik
SS 2: (9'-l 1') Brown fine Sand, trace sift
1G mild refusal, bedrock?
GEOLOGIC LOG





2 inch PVC 10-sfot casing
2 inch PVC casing
? Static water level




HYDROGEOLOGIC LOG FOR MONITORING WELL BD- 14
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: New Hampshire Boring
Date Drilled: 2009
Ground Elevation: 100.0'
Elevation ofScreened Interval: 82.0'-92.0'
Lat/Long: 43.0947° N 70.9904° W
Total Depth ofWell: 18'
Depth Drilled: 18'




















SS 1: (4'-6') Till, dark brown Silt and Gravel, some fine
sand, little m-c sand, little clay
SS 2: (9'-l G) Till, dark brown Silt and Gravel, some fine
sand, little m-c sand, little clay
SS 3: (14'-16') Till, brown Silt and Gravel, some fine
sand, little m-c sand, little clay
17.5' Metasedimentary bedrock, chips in wash
GEOLOGIC LOG





2 inch PVC 10-sfot casing
2 inch PVC casing
? Static water level
SS Split Spoon Sample
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HYDROGEOLOGIC log for MONITORING WELL BD- 1 5
BURLEY DEMERITT FARM, LEE, NEW HAMPSHIRE
Driller: New Hampshire Boring
Date Drilled: 2009
Ground Elevation: 107.7'
Elevation ofScreened Interval: 92.4'- 102.4'
Lat/Long: 43.0947° N 70.9909° W
Total Depth ofWell: 15.3'
Depth Drilled: 16'




















SS 1: (4'-6') Till, dark brown Silt and Gravel, some fine
sand, little m-c sand
SS 2: (9'-H') Weathered Rock?
SS 3: (14'-16') Only 3" til refusal, metasedimentary rock
chips
GEOLOGIC LOG





P^ 2 inch PVC 10-slot casing
I 1 2 inch PVC casing
? Static water level




Table Bl . Precipitation rates used in the Recharge package within MODFLOW.
Precipitation amounts were downloaded from the NCDC site (2010).
Precipitation Precipitation Precipitation
Stress Period Íft/day) Stress Period ift/dav) Stress Period Ift/dav)
1 0.005 47 O 93 O
2 O 48 0.153 94 O
3 0.008 49 0.214 95 0
4 0.003 50 0 96 0
5 0.138 51 0 97 0
6 0 52 0 98 0
7 0.048 53 0.001 99 0
8 0 54 0.023 100 0
9 0.009 55 0.021 101 0
10 0 56 0.007 102 0
11 0 57 0 103 0
12 0 58 0 104 0
13 o 59 0.004 105 0.046
14 0 60 0 106 0
15 0.039 61 0.011 107 0.095
16 0.005 62 0 108 0
17 0.039 63 0.234 109 0
18 0 64 0 110 0
19 0 65 0 111 0
20 0 66 0 112 0
21 0 67 0 113 0
22 0 68 0 114 0
23 0 69 0 115 0
24 0.022 70 0 116 0
25 0 71 0 117 0
26 0 72 0 118 0
27 0 73 0 119 0
28 0 74 0 120 0.221
29 0 75 0 121 0.137
30 0 76 0 122 0
31 0 77 0 123 0
32 0 78 0 124 0.003
33 0 79 0 125 0
34
35
0 80 0 126 0
0 81 0 127 0
36 0.157 82 0 128 0
37 0 83 0 129 0
38 0 84 0 130 0
39 o 85 0.084 131 0
40 0 86 0 132 0
41 0 87 0 133 0
42 0 88 0 134 0
43 0.039 89 0 135 0
44 0.025 90 0 136 0
45 0 91 0 137 0

































































































































































































































































































































































Table B2. Reference crop ET rates calculated from the Penman-Monteith equation used
in MODFLOW. Temperature, windspeed, and solar radiation values for the calculations
were downloaded from the NCDC site (2010). Air pressure and relative humidity values































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































MatLab Code used to read cell-by-cell flow file from the MODFLOW 2005 UZF
package.
% Opens binary UZFfile as well asfiles to which the data will be written andfrom











fid 1 1 =fopen('. .\ExcessRech.dat',W)












% Weights the ET rates by the length ofthe stress period and sums these rates at each














% Sums the ET rates over the entire basinfor each individual stress period and writes





% Writes the matrix ofET ratesfor each stress period to afile so the ET mapfor a






Thepreviousfour steps need to be repeatedfor both the Recharge and Surface
Leakagefiles in the UZF binaryfile.
% Accesses the ET, recharge, and surface leakage volumetric ratesfor the individual


















% Displays the above mapsfor one stress period when the particular stress period





























% Converts the cumulative recharge, ET, and surface leakage rates to depths which are
then divided by the precipitation depth. The resultingfiles are cell-by-cell matrices of
percent ofrecharge, ET, and surface leakage versus precipitation. The ExcessRech map
represents the net recharge





Sensitivity analyses were run on a previous model of the Burley Demeritt farm
watershed. All of the parameters in this model were the same as those reported in the
"Results" section, with the exception of the ET. In this model, the EWC was
inadvertently set such that ET was only extracted from the groundwater across the
entirety of the farm. ET extinction depths were increased such that similar volumes of
water as in the current model were extracted at all the cells within the watershed in this
previous model; however, all of the water for ET was being extracted from the
groundwater. As a result, a majority of the precipitation (80% basin-wide average)
became recharge in this previous model. While the results of the sensitivity analyses for
this previous model are likely to differ slightly from analyses run on the current model,
they do provide a good starting point for looking at recharge sensitivity to the vadose
zone parameters.
Methods
Sensitivity analyses were run on the UZF parameters, Brooks-Corey exponent,
Kz, and Sy, to determine their impact on the estimated recharge values. The model was
run a total of 22 times varying one parameter in one property zone on each run with all
the remaining parameters set at their initial values. For the analyses, the three sand zones
were grouped together and adjusted simultaneously. The Brooks-Corey exponent, which
typically ranges from 2 for uniform sand to 5 for clay, was adjusted one unit higher and
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one unit lower for each geologic zone with the exception of the bedrock zone. Since the
bedrock zone was already set at the upper limit for the exponent, the exponent was
adjusted sequentially two units lower for the analyses. The Kz values in the initial model
were set near the lower acceptable limit for each zone (one order of magnitude lower than
Kx). Thus, sensitivity analyses were run with K2 values near their generally accepted
maximum value - isotropic with Kx. The Sy was adjusted a half unit higher and a half unit
lower for each geologic zone with the exception of the till zone. The till zone Sy was
only adjusted upwards since its initial value was set at 0.06 and an adjustment
downwards would result in an essentially zero Sy value.
In addition to the UZF parameters, sensitivity analyses were also run on the ET
rates. Because the ET rates were not directly measured, but estimated using the Penman-
Montieth equation and crop coefficients, it was unclear how representative they were of
the actual ET rates. To determine the sensitivity of the recharge to differences in the ET
rates, the model was re-run twice, once with the ET rates 20% higher and again with the
ET rates 20% lower than in the original model.
Results
The sensitivity of the recharge, as well as the model calibration, to changes in the
UZF parameters and ET rates, were evaluated based on the results of the sensitivity
analyses. Initially, for each model run in the analyses, the cumulative recharge, ET, and
model outflow (drain flow plus surface discharge) volumes were compared against the
corresponding values in the original calibrated model. The percent change in these
































































































































statistic than the percent error, was used to report any changes in the model calibration.
Any model in which the percent change in recharge from the original model (which had a
basin wide average of 80% recharge) was over 1% was investigated in more detail to
discern if there were any significant changes in the spatial distribution of the recharge.
The sensitivity analyses revealed that the modeled recharge at the farm is not very
sensitive to the Brooks-Corey exponent or Sy (Table Dl). When these parameters were
altered within the different soil zones, all but two of the resulting models had cumulative
recharge volumes within 1% ofthat of the original calibrated model. The two exceptions
were the model in which the Brooks-Corey exponent was decreased to 3 in the bedrock
zone and the model in which the Sy was increased to 0.14 in the clay zone. These models
had cumulative recharge volumes about 2% greater than that in the original model. This
change in the cumulative recharge volume did not prove to be great enough to alter the
spatial patterns of recharge within the farm watershed in any noticeable way.
Additionally, the areally averaged recharge in these models was still about the 80% of
precipitation as reported in the original calibrated model (79% for bedrock Brooks-Corey
altered model and 82% for clay Sy altered model).
The sensitivity analyses revealed that the modeled recharge is relatively sensitive
to Kz, particularly in the bedrock and till zones (Table Dl). Altering the Kz value in the
sand and clay zone had little to no effect with cumulative recharge volumes still within
1% of the original model and the models remaining well calibrated with residual means
below 0.25 ft. Increasing the bedrock zone Kz to 2 ft/day resulted in cumulative recharge
values over 8% higher than that of the original model. These higher recharge values
subsequently caused the cumulative ET and the model outflow volumes to both increase
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by about 8% over the original model values. The resulting model was not as well
calibrated with a residual mean of -0.41 ft. The calibration was thrown off primarily by
the now consistently higher hydraulic heads in the bedrock zone at BD-4 (Figure DIa).
The areally averaged recharge percentage across the farm watershed was increased to
88% of precipitation and the spatial recharge patterns were slightly altered. As would be
expected, more recharge occurred in the bedrock zone with percentages up to almost
100% of precipitation from the original 80% to 90% (Figure D2). Increasing the till zone
Kz to 1.5 ft/day had a similar effect. The cumulative recharge volume increased by
almost 6% over the original model recharge value and the areally averaged recharge
percentage across the farm increased to 85% ofprecipitation. The recharge patterns also
changed. As expected, more recharge occurred in the till with percentages up to 100% of
precipitation from the original 70% to 80% (Figure D2). Interestingly, when Kz was
increased in the till zone, the groundwater portion of the model was better calibrated
(residual mean -0.02 ft) with the modeled heads in the till zone more closely matching the
observed heads (Figure DIa). However, the stream flow portion of the model was no
longer as well calibrated with cumulative modeled volumes 12% higher than the
observed field data.
The sensitivity analyses showed that the modeled recharge is relatively sensitive
to changes in the ET rate (Table Dl). Increasing the ET rates by 20% actually increased
the cumulative recharge about 4% over that of the original model and increased the
areally averaged recharge percentage across the farm to 84% ofprecipitation (versus 80%
in the original model). Meanwhile, decreasing the ET rates by 20% decreased the




























































































































































































averaged percent recharge across the farm to 76% of precipitation. The overall recharge
patterns did not change in any noticeable way in either model. To look more closely at
the differences between the original model and these altered ET models, recharge and
surface discharge percentage maps from the original model were subtracted from their
counterparts in the perturbed ET models. The difference maps showed that when ET is
increased uniformly, recharge increases across the entirety of the farm watershed by
about 1% to 2% over the original model with the largest increases, upwards of 100%,
occurring in the wetland/clay area (Figure D3a). The increased ET causes the water table
to lower and in the wetland/clay area this reduces surface discharge and consequently
increases recharge. This effect is felt the strongest at the break in slope along the edge of
the wetland. The cells here are no longer flooded and recharge can now occur. The
opposite phenomenon occurred when the ET was decreased uniformly. The wetland/clay
area now experienced more surface discharge and less recharge due to the higher water
table elevations (Figure D3b).
While the sensitivity analysis showed that the recharge is sensitive to the ET rates
applied, it must also be noted that the model calibration itself is sensitive to changes in
ET. Increasing the ET by 20% resulted in a model residual mean of over 1ft with the
modeled heads in Layer 1 consistently over a foot above the observed heads. Meanwhile,
decreasing the ET by 20% resulted in a model residual mean of almost -1 ft with the
modeled heads in Layer 1 consistently over a foot below the observed heads.
Additionally, for both runs the cumulative modeled outflow volumes were over 30%
different than that of the cumulative observed stream flow volumes (Table Dl).
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ET Increased 20% ET Decreased 20%
Recharge % Difference
/·
50 100 150 200 250











50 IX 150 200






50 100 150 200 250
(b)
1
Figure D3. Maps represent the percent difference (relative to calibrated model)
in recharge and surface discharge amounts between the original calibrated
model and the models in which ET was increased (a) or decreased (b) by
20%. The color bar ranges are consistent across all maps.
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Discussion
The sensitivity analyses run on the UZF parameters revealed that the recharge
rates at the farm watershed are most sensitive to the Kz parameter. As described earlier,
MODFLOW uses the Kz parameter in Layer 1 to calculate infiltration rates in the
unsaturated zone. The effects of altering the Kz value were most strongly felt in the till
and bedrock zones. It is likely that the effects were felt most strongly in these zones
because not only do these zones cover the highest percentage of watershed area, but also
the magnitude of the change in the Kz value was greatest within these zones. As
previously mentioned, isotropy within the till zone did lead to better calibration between
the modeled and observed heads at BD-14. On the other hand, isotropy in the bedrock
zone resulted in nearly all the modeled heads at BD-4 being above the observed heads.
Isotropy in the remaining zones did not change the modeled heads in any noticeable way.
These analyses seem to indicate that there may be good reason to increase the Kz values
in all the soil zones except the bedrock zone. If the Kz value is increased in the till zone
to aid in the calibration, it typically should also be increased proportionately in the
remaining zones to maintain the relative ratios of the Kz values between zones. It may be
reasonable to keep the Kz value of the bedrock zone at its current value since the Kz value
is expected to be lowest here anyway due to the effects of the subsurface clay layer. A
definite evaluation of the effect of the Kz value in the bedrock zone is difficult due to the
already existing issues with ET in this area.
The uncertainty of the Kz values in the model does have implications for the
recharge estimates at the farm. Increasing the Kz value in all zones except for the
bedrock will increase the recharge percentages in these zones. Increasing the till zone to
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isotropy increased the recharge percentage in this zone from 70% to almost 100% of
precipitation. This is the extreme case and it is unlikely that any of the Kz values would
be increased to isotropy. An across the board change in K2 values is not likely to alter the
spatial patterns of recharge at the farm, with the exception of the bedrock zone, as all the
K2 values would be increased proportionately. Leaving the bedrock zone K2 value
untouched would result in its recharge being proportionately lower than the other zones.
The concern with ET is the accuracy of the rates estimated using the Penman-
Montieth equation and the implications on the recharge if these rates are over or under
predicted. The sensitivity analyses showed that adjusting the ET rate by 20% did affect
the cumulative recharge amounts by about 5% with the effects primarily being felt in the
wetland/clay region. However, adjusting the ET also lead to significant model calibration
errors both in terms of hydraulic head measurements and modeled stream flows. These
model runs suggest that with the model parameters at their current values, the Penman-
Montieth ET estimates are within the appropriate range. There is no strong evidence to
indicate that the model parameters need to be adjusted to accommodate possible slight
errors in the ET rates.
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